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EXECUTIVE SUMMARY 
i 

OVERVIEW 
/ 
(This /-- study of the seismic hazard at the Rocky Flats Plant (RFP), Jefferson County, Colorado, has 
both probabilistic and deterministic aspects and conclusions. On the probabilistic side, a state-of- 
the-art probabilistic seismic hazard analysis (PSHA) has been conducted to evaluate the probabilities 
of exceedence of various levels of seismic shaking. Uncertainties in states of knowledge and 
understanding of earthquake sources, characteristics, and ground motions are represented explicitly 
and are translated into uncertainties in the probabilistic hazard results. This leads to conclusions on 
the major contributors to current uncertainties in the seismic hazard at the RF'PP On the 
deterministic side, studies are condwted of the soil liquefaction potential, and of the stability of 
slopes at the site (subject to seismic shaking). Combining these studies with results from the PSHA 
allow conclusions regarding the hazard of liquefaction and slope deformation. Also, deterministic 
ground motion spectra are calculated for the magnitude and distance that dominate the seismic 
hazard at annual probabilities in the range of interest to lo4) for seismic re-evaluation of 
critical facilities. Throughout this study the emphasis is on ground shaking as represented by peak 
ground acceleration and by response spectral amplitude in the frequency range 25 Hz to 1 Hz. 

This is the most comprehensive seismic hazard study conducted to date for the FUT in that it 
considers multiple alternative hypotheses on earthquake sources, magnitude disbibutions, ground 
motion attenuation equations, and soil amplification factors. The results are robust with respect to 
changes in assumptions about earthquake distribution parameters and ground motions. Large 
changes in the PSHA results would occur only if new, active faults were identified in the immediate 
vicinity of the RFP or if currently-identified faults thought to be active were proven to be inactive. 

SEISMIC SOURCES 

A comprehensive evaluation of earthquake sources in the vicinity of the RFP was conducted to 
identify faults or afeal sources that might affect seismic h e  at the site. This included the review 
of previous studies of potentially active faults in Colorado and on-site leveling studies and drainage 
basin topographic surveys to identify possible differential vertical displacements in bedrock that 
might be caused by faulting. Also, areal sources were derived based on crustal geology to account 
for earthquakes not attributable to identified faults. 

Fault sources that were identified were the Golden-Boulder segment of the Front Range fault system 
(herein called the "Golden-Boulder fault"), the Valmont fault, the Walnut Creek fault, and the Rock 
Creek fault. All of these structures lie within 25 km of the RFP and contribute to seismic hazFd 
at the site. The probability of activity, P,, of these faults was assessed by an explicit, structured 
analysis that included possible association with historical seismicity, evidence of late Quaternary 
slip, structural association with another seismogenic fault, crustal dimensions, and orientation. The 
following P, values were assessed for these faults: Golden-Boulder, 0.4; Valmont, 0.4; Walnut 
Creek, 0.3; and Rock Creek, 0.3. The maximum magnitude of each fault was assessed using 
relations based on fault length, width, and slip. The results were represented by a discrete 
probability distribution because there is considerable uncertainty in  this parameter. Maximum 
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magnitudes for these faults were assessed to be in the following ranges: Golden-Boulder, 7 to 7 in; 
Valmont, 5 314 to 6 3/4; Walnut Creek, 5 314 to 6 3/4; and Rock Creek, 5 3/4 to 6 3/4. Slip rates also 
were assessed based on offsets of identified geologic units, and again a discrete probability 
distribution was used to quantify uncertainty in slip rate. These slip rates were used to assess the 
seismicity rate on the above faults. 

The RMA/Derby source lies approximately 15 to 25 kin east of Rocky Flats. This source lies close 
to the Rocky Mountain Arsenal, where considerable earthquake activity was induced by deep-well 
injection of liquid waste in the 1960s. The locations of these earthquakes led to identification of the 
RMA/Derby source as a potentially active source by the Colorado Geological Survey. Seismicity 
rates for the -by some were based on hypothesized slip rates and on historical seismicity 
data; for the latter analysis only earthquakes that were thought to be naturally-occurring (not 
induced) were included. P, was assessed to be 0.5 for the RMADerby source and its maximum 
magnitude was determined to be in the range of 5 if2 to 7. 

Five area sources were identified in Colorado to represent the Occurrence of earthquakes that cannot 
be associated with known faults. These area sources, with Pa = 1, have seismic activity estimated 
from the historical record. Maximum magnitudes were assessed based on historical activity and 
analogies with other regions, and ranged from 5.5 to 7.0 for the host source representing the Denver 
Basin, to 6.5 to 7.5 for the source representing western Colorado. 

STUDIES OF HISTORICAL SEISMICITY 

The historical record of earthquakes in Colorado was analyzed in detail to provide a solid data base 
for statistical evaluations. Conversion of Modified Mercalli Intensity (MI) to magnitude was 
examined using recent earthquake data in the region, and uncertainty in this conversion was 
represented with two relationships for estimation of magnitudes for pre-instrumental shocks in 
Golorado. Studies of the historical rates of activity allowed evaluation of the periods over which 
reporting was estimated to have been complete for various magnitude levels, and these 
interpretations were used to calculate rates of activity in area sources and for the RMA/Derby 
source. The generally low number of earthquakes in Colorado meant that there is some uncertainty 
in rates of activity and in the 6-value of the exponential Qistribution used to represent earthquake 
magnitudes, and these uncertainties were represented explicitly. 

A specific study was conducted of the 1882 Colorado earthquake, the largest seismic shock in 
Colorado history. Available studies were reviewed and MMI maps independently redrawn to 
evaluate whether new inferences could be obtained from original MMI data. This study concluded 
that there is still considerable uncertainty on the location of the 1882 earthquake; it may have 
occurred anywhere in northcentral or northwestern Colorado, southern Wyoming, or eastern Utah. 
Its moment magnitude was assessed with a discrete probability distribution to be between 5.0 2 0.4 
and 6.9 & 0.2, with the most likely value 6.4 k 0.3, based on estimates developed from the, 
earthquake's maximum epicentral intensity, the total felt area, and the areas enclosed by the MMI 
V and VI contours. No additional sources of historical data are evident that would resolve current 
uncertainties. 
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GROUND MOTION ATTENUATION EQUATIONS 

There are no strong motion records of earthquakes in Colorado, so earthquake ground motions on 
rock must be estimated by other than strictly empirical procedures. For this study two methods were 
adopted from California experience, one based on modifying empirical equations derived in 
California to represent Colorado conditions, and the other based on using an analytical procedure 
that has achieved wide success in California and in the eastern U.S. The empirical equations are 
based on an analysis that modified formulas published respectively by Joyner and Boore, Sadigh and 
Campbell (which are based on California ground motion records) to account for the difference in 
crustal attenuation between California and Colorado. This led to three predictive equations for the 
ground motion parameters of interest. The analytical method consisted of using Random Vibration 
Techniques to model strong ground motion with band-limited white noise, taking explicit account 
of characteristics of the earthquake source spectrum, attenuation in the crust and attenuation in the 
near-surface rock Uncertainties in all of these characteristics were modeled explicitly so that four 
attenuation equations could be derived to represent the range of predictions of ground motion based 
on the analytical technique. The two methods give consistent estimates of the amplitudes of ground 
shaking and provide a range that represents current uncertainty; the empirically-based method and 
the analytically-based method were weighted 0.5 each to allow a quantitative assessment of ground 
motion uncertainty. 

r 

SOIL AMPLIFICATION 

Soils at the RFP consist of Rocky Flats alluvium (a mixture of sand, clay, gravel and boulders) 
(@ which is about 20 feet thick and which overlies weathered sedimentary units. At a depth of about 

100 feet, sedimentary units are competent and have a shear wave velocity of about 2000 ft/s. These 
soil conditions have the potential to amplify incoming ground motions, so a study of possible 
amplification was undertaken. Again, both empirical and analytical techniques were used. For the 
analytical method, a technique is used that is equivalent to the program SHAKE in that it is based 
on the vertical propagation of shear waves through horizontally-layered soils and is an equivalent- 
linear method. This technique used Random Vibration Theory to obtain a solution in the frequency 
domain and hence does not require a time history as input. The shear-wave velocities measured at 
the RFP in 1993 and 1994 are used as input, along with strain-dependent soil modulus and damping 
curves. This results in soil amplification factors that are both frequency- and amplitude-dependent. 
For the empirical method, a technique based on observations in California was modified to account 
for the average shear-wave velocity for shallow soil layers measured during down-hole testing at 
the RFP in 1993 and 1994. This method is linear (so the results apply to all amplitudes of ground 
motion) and is frequency-dependent. The two methods give consistent results, with the empirical 
ampiification factors equivalent to those calculated from the analytical method for about 0.3g peak 
acceleration of the input motion. The largest amplification occurs around 1 to 3 Hz, and less 
amplification (and for some amplitudes in the analytical procedure, deamplification) occurs at 
higher frequencies. The final recommended soil amplification factors are based on the analytical 
procedure, because it accounts for the amplitude-dependence of soil response. These factors may 
be used for general evaluation purposes, but specific building analysis or design should incorporate 
site-specific analyses of soil amplification. a 
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PROBABILISTIC RESULTS 

Seismic hazard curves and uniform hazard spectra are illustrated in Figures ES-1 and ES-2, 
respectively, for rock conditions. The first figure shows seismic hazard for peak ground 
acceleration; the second figure shows mean 5% damped spectra for the annual probabilities 
indicated above. Figure ES-3 shows the contribution by magnitude and distance to the hazard of 
exceeding a peak ground acceleration of 0.25g, which corresponds to a total annual probability of 
10". Most of the contribution comes from a distance of 27 km, which corresponds to the 
RMA/Derby source. Other. contributions to hazard come from shorter distances because of the area 
sources in the vicinity. 

DETERMINISTIC RESULTS 

Deterministic response spectra are presented in this study for the mean magnitude and distance that 
dominate seismic hazard in the annual probability range of lo3 to 10". These spectra show the 
sensitivity to the ground motion attenuation equations and are also presented for the mean spectrum 
over all ground motion equations. 

Deterministic studies were also conducted of the potential for soil liquefaction and slope instability. 
Because of the nature of alluvium at the site, where sand layers are generally intermixed with clay 
and silt, and where most fill and alluvium is cohesive, it is concluded that the potential for soil 
liquefaction is negligible. With respect to slope stability, under high ground motions (exceeding 
0.4g), some slopes of cohesionless alluvium 30 feet in height, with a high water table, may 
experience permanent deformations up to 30 cm. For slopes that are lower in height, or that consist 
of cohesive soils or fills, or where the water table is deeper, permanent deformations are estimated 
to range from 15 cm to negligible. 

,U of the above results are combined into a PSHA to evaluate the annual probabilities with which 
various amplitudes of ground motion will be exceeded at the RFP for both rock and soil conditions. 
Explicit account is taken of uncertainties in inputs, and these result in uncertainties in seismic hazard 
curves and in uniform hazard spectra (the response spectra corresponding to the selected annual 
probabilities of 2x1O3, lo3, 4x104, 2 ~ 1 0 ~ .  and lo"). The major source contributing to the hazard 
at high frequencies is the RMADerby source (from to 2x10' annual probability). The 
RMA/Derby fault dominates because of its proximity to the RFP, because its maximum magnitudes 
are in the range 5 10 to 7, and because it has an inferred moderate level of activity, based on small 
naturally-occurring earthquakes in its vicinity. At low frequencies, area Source III dominates the 
hazard within the 2x103 to 10" annual probability range. Source In dominates the lower 
frequencies because it has relatively high rates of activity and has maximum magnitudes in the range 
6 ID to 7 in. Current uncertainties in hazard are typical for a site in a region with few earthquakes 
and no strong-motion records, and there are no obvious studies that would reduce current 
uncertainties substantially. 
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SUMMARY 

@ This project has conducted a state-of-the-art seismic hazard study that incorporates all relevant ' 
hypotheses on earthquake occurrences, characteristics, and ground motions, to estimate seismic 
hazard at the RFP. Potentially active faults identified by the Colorado Geological Survey have been 
included as well as area sources used to represent seismicity that occurs away from known faults. 
The results are presented here for a range of annual probability of exceedence levels and can be used 
for seismic safety evaluation of plant structures and equipment. 
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Figure ES- 1. Total hazard curves, PGA on rock. 
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Figure ES-2. Mean uniform hazard spectra on rock. 
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Section 1 

INTRODUCTION 

1. INTRODUCTION 

This evaluation of seismic hazard at the Rocky Flats Plant (RFP), Jefferson County, Colorado, has 
two purposes. The first is to perform a probabilistic seismic hazard analysis at the site to evaluate 
the probability of exceedence of various levels of ground shaking. The second purpose is to 
examine several deterministic issues to evaluate whether any has an important impact on the level 
of seismic hazard at the RFP. This report describes the studies carried out and the conclusions 
reached for both of these purposes. 

The RFF is located at longitude 105.203"west and latitude 39.892' north. Site conditions consist 
of several tens of feet of alluvium, underlain by weathered claystone to a depth of approximately 
100 ft, which in turn is underlain by 13,000 ft or more of sedimentary units. Crystalline bedrock 
underlays all of these units. The site is located approximately 5 km east of the Front Range of the 
Rocky Mountains. 

There are several products of the study. From the probabilistic analysis, seismic hazard curves have 
been computed, along with uniform hazard spectra for several return periods. Artificial time 
histories of earthquake ground motion have been derived corresponding to uniform hazard spectra 
with specific return periods. From the deterministic analysis, specific spectra have been computed 
for the mean magnitude and distance that dominate the hazard at the RFP. Also, conclusions have 
been drawn for each of ten specific seismic hazard issues identified at the start of the project as 
important to the evaluation of seismic safety at the RFP. 

All of these products are described in this report, along with a description of the methodologies used 
to obtain them. An important aspect of modem seismic hazard studies is the incorporation and 
quantification of uncertainties in  inputs, and the representation of the effects of these in terms of 
uncertainties in results. Uncertainties are represented explicitly in this study, both for deterministic 
spectra (showing the result-of uncertainty in attenuation equations) and for seismic h a d  results 
(showing the effects of uncertainties in tectonic, seismicity, and ground motion interpretations). 
This attention to explicit uncertainty representation allows the results to be understood in terms of 
the precision of available data and models used as input. 

Appendices A through I provide details on the inputs used for the studies and on the detailed models 
and methods used to draw conclusions. Several organizations contributed to this report and to the 
creation of the Appendices, as follows: 

Risk Engineering, Inc. (R.K. McGuire, T.P. Stone, and G.R. Toro) conducted the probabilistic and 
deterministic seismic hazard evaluations, coordinated the study, compiled the report, wrote the main 
body of the report, and wrote parts or all of Appendices D, E, F, I, and J. 

Geomatrix Consultants, Inc. (K.J. Coppersmith, F. Makdisi, R. Perman, and M. Angell) derived 
seismic sources in Colorado for input to the seismic hazard analysis and performed the soil 
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liquefaction and geotechnical stability analyses. This group also wrote Appendices A, B, G, and 
H of the project report. 

EQE International, Inc. (K.W. Campbell) and Pacific Engineering and Analysis (W.J. Silva) 
conducted ground motion attenuation and soil amplification studies, and wrote parts of Appendices 
E and F. 

Dr. G.A. Bollinger, consultant, conducted the evaluation of the 1882 Colorado earthquake and wrote 
Appendix C. 

Drs. W.J. Arabasz (University of Utah) and C.A. Cornel1 (Stanford University) provided input and 
interpretation for the analysis of historical seismicity and conducted reviews of the historical 
seismicity analysis (Appendix D) and the main report. 

Multiple reviews of this work have been conducted by personnel at EG&G Rocky Flats, Inc., and 
by an external review panel consisting of R. Budnitz (consultant and chair), B. Bolt (University of 
California, Berkeley), V. Cowart (Colorado Geological Survey), J. Lysmer (University of 
California, Berekeley) and M. West (consultant). 

The report is organized as follows. Section 2 describes the methodology used for probabilistic 
seismic hazard calculations, and summarizes the inputs to the calculations. Details on the inpuis are 
contained in the Appendices. Section 3 presents recommendations based on the probabilistic results 
and on deterministic considerations, in several subsections. Subsection 3.1 describes the 
probabilistic seismic hazard results in terms of seismic hazard curves, uniform hazard spectra, and 
artificial ground motions derived to match specific uniform hazard spectra Subsection 3.2 describes 
deterministic results, which are the calculated spectra for worst-case earthquakes in each seismic 
source (source area or fault), that being the maximum magnitude event located at the closest 
distance. This subsection also reviews the results from the soil liquefaction and geotechnical 
stability studies that were conducted. Subsection 3.3 presents ten seismic issues that were identified 
at the beginning of the project and summarizes the conclusions reached on each. These issues are 
as follows: 

Issue No. 1: 

Issue No.. 2: 

Issue NO.. 3: 

Issue No. 4: 

Issue No. 5: 

Issue No. 6: 

Size, location, and seismotectonic significance of the November 7,1882 earthquake 
(Colorado) 

Implications of the October 18,1984 Laramie Mountains (Wyoming) earthquake to 
seisrnotectonics of the Colorado Front Range 

Amplification of ground motions associated with surficial/bedrock geology of the 
Colorado Front Range 

Continuing seismicity in the Rocky Mountain Arsenal area 

“Potentially active faults” as defined by the Colorado Geological Survey (1981) 

Implications of seismotectonic studies conducted for Two Forks Dam (Denver Water 
Department) 
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Structure of the Front Range in the vicinity of Rocky Flats based on oil/gas drilling 
and geophysical data 

Issue No. 7: 

1ssue.No. 8: origin of the Quaternary graben near Golden and its structural/tectonic relation to 
the Golden fault 

Issue No. 9: DOE interim position on seismic evaluations 

Issue No. 10: Ground motion attenuation in the Front Range region 

Each of these issues has been addressed based on the studies conducted as part of this project, and 
the relevance of these issues to seismic hazard at the RFP is discussed. Finally, Section 4 draws 
overall conclusions from the project, and Section 5 contains references used in the main body of the 
report. 

Appendices follow the main body of the report, as follows: ,. 
._ 

Appendix A: Detailed Seismic Source Characterization 

Appendix B: ' Detailed Geomorphic Analysis 

Appendix C: 1882 Colorado Earthquake 

Appendix D: Historical Seismicity Studies 

Appendix E: Vibratory Ground Motion 

Appendix F: Soil Amplification Studies 

Appendix G: Soil Liquefaction Potential 

Appendix H: Stability of Geotechnical Structures 

Appendix I: Artificial Ground Motions 

Appendix J: Deterministic Ground Motions ' 

Each of these Appendices gives details of the specific studies undertaken to provide the input to 
probabilistic and deterministic analyses described in Sections 2 and 3 of this report. Sections 2 and 
3 summarize these studies, but the Appendices should be referenced for details. 
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Section 2 

SEISMIC HAZARD CALCULATIONS 

2.1 INTRODUCTION 

This Section describes the methodology used to calculate seismic hazard for this project. Specific 
inputs to the methodology are summarized here and are described in detail in the relevant 
Appendices. 

State-of-the-art seismic hazard studies calculate ground-motion exceedence probabilities using 
earth-science hypotheses about the causes and characteristics of earthquakes in the region being 
studied. Scientific uncertainty about the causes of earthquakes and about the physical characteristics 
of potentially active tectonic features and regions lead to uncertainties in the inputs to the seismic 
hazard calculations. These uncertainties are quantified using the tectonic interpretations developed 
by earth scientists familiar with the region. These analysts evaluate the likelihood associated with 
alternative tectonic features and regions and with alternative characteristics of these potential 
sources. Similarly, geophysicists and earthquake engineers develop equations estimating strong 
ground shaking in the region, expressing uncertainties in scientific understanding with alternative 
hypotheses on magnitude and distance scaling. 

These uncertainties are carried through the entire analysis. The result of the analysis is a suite of 
hazard curves and their associated weights. These c w e s  quantify the seismic hazard at the site and 
its uncertainty, and can'be used to make decisions regarding seismic safety and possible retrofit. 

2.2 BASIC SEISMIC HAZARD MODEL 

2.2.1 Overview 

The methodology to calculate seismic hazard at a site is well established in the literature (Cornell, 
1968, 1971; Der Kiureghian and Ang, 1975; McGuire, 1976, 1978) Calculation of the hazard 
requires specification of three inputs: 

1. Source geometry: the geographic description of the seismic source. A seismic source is a 
portion of the earth's crust associated with a fault, with a concentration of historic seismicity, 
or with a general region of the earth's crust with similar geologic characteristics, that may 
be capable of producing earthquakes. Source geometry determines the probability 
distribution of distance r from the earthquake to the site: f , (r) .  I 

2. Seismicity: the rate of Occurrence vi ,  b-value, and magnitude distribution f,(,(m) of 
earthquakes Occurring in each source i.' Magnitude is usually characterized by the moment 
magnitude scale M in  California and the Rocky Mountain region, and by the body-wave 
magnitude mb in the central and eastern U.S. 
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3. Attenuation functions: a relationship that allows the estimation of ground motion at the site 
as a function of earthquake magnitude and distance. Additional factors quantifying the 
amplification/deamplification of surficial soils are used to include the effects on those soils 
on ground motions. 

These inputs are illustrated in Figure 2-1, parts a through C. Figure 2-la shows the geometry of a 
seismic source. From the source's geometry, fRti,(r), can be derived. The density function on 
magnitudef,,l(m) is often specified as the doubly truncated exponential distribution for m a  sources 
and the characteristic magnitude dismbution (Schwartz and Coppersmith, 1984) for faults, as 
illustrated in Figure 2-lb. Seismicity for a source with the exponential magnitude distribution is 
completely specified by the minimum magnitude m, and parameters a and b. Parameter a is a 
measure of seismic activity, b is a measure of relative frequency of large versus small events, and 
log[ vi f&,(rn)] is proportional to a + b rn for m, < M r; m-. For the characteristic magnitude 
distribution, it is necessary in addition to specify the "characteristic" part of the distribution, i.e. the 
magnitude range of earthquakes that act in a characteristic way, and the annual rate of Occurrence 
of magnitudes in that range. 

The ground motion is modeled by an attenuation function, as illustrated in Figure 2- IC. Attenuation 
functions are usually of the form In[A] = f (M,R) + E, where A is ground-motion amplitude, M is 
magnitude, R is distance, and E is a random variable that represents scatter. The attenuation function 
is used to calculate GAlm ,(a*) = P[A > a*lrn,r]: the probability that the ground-motion amplitude 
is larger than a*, for a given M and R.  The seismic hazard over all sources is calculated as a 

i n  which the summation is performed over all seismic sources i and in which the probability is 
calculated per unit time. 

2.2.2 Tectonic and Seismicity Interpretations 

The specification of potential sources of future earthquakes is the first step in the evaluation of 
earthquake hazards. Seismic sources indicate where earthquakes may Occur; analysis of historical 
seismicity within those defined sources indicates the probabilities of Occurrence and characteristics 
of future earthquakes (Le.' a magnitude distribution is fi t  to historical data within the source, once 
the source is defined). 

A seismic source is taken by definition to be a fault or area with a single probability of being active, 
a single magnitude distribution, and a single distribution for maximum magnitude. Within a seismic 
source the seismicity is usually taken to be spatially homogenous, Le., earthquakes are assumed to 
be equally likely to occur at any location within the source. Some studies (e.g. the EPRYSOG 
study) use spatially-varying seismicity, but this generalization is not adopted here. 

In general, seismic sources are defined based on faults, tectonic features, or other evidence 
(including, in  some cases, merely a spatial cluster of historical seismicity). Because of this 
derivation there is, conceptually, some causal association of earthquakes within a source: they are 
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releasing crustal stresses of the same orientation and amplitude, and/or they are caused by slip on 
faults with the same general depth, orientation, and sense of slip. Because of these similarities the 
delineation is consistent with the seismic source definition with regard to maximum magnitude and 
probability of activity. 

Figure 2-2 illustrates the area sources derived for this study, and Figure 2-3 illustrates the faults in 
the region of the RFP that are considered potentially active with a non-zero probability. The faults 
were determined using available studies on potentially active faults in Colorado, and the area 
sources were drawn using available knowledge of crustal geology and stress characteristics in the 
Colorado region. 

The tectonic and seismic source interpretations were made by a team from Geomatrix Consultants, 
hc. Details on the methods used to derive these area sources and faults are described in Appendix 
A. 

2.2.3 Seismicity Parameters 

Seismicity parameters for earthquake sources are estimated using the rate of tectonic slip for active 
faults, and using historical seismicity for area sources. The rate of slip on faults is important 
because multiple methods of estimation can be applied, including measured offsets of datable 
horizons, crustal strain measurements or inferences, mechanistic tectonic block models of crustal 
plates, and paleoseismicity studies. For area sources, earthquake catalogs are analyzed to collect 
all seismic events that have occurred within each source. For each magnitude level, periods of 
completeness are picked and the rate of Occurrence for that magnitude level is calculated as the 
number of events divided by the time of complete observation. These data are then fit using the 
maximum-likelihood procedure (Weichert, 1980) to obtain estimates of a and b. 

e ( 

When the characteristic magnitude distribution is used, the rate of Occurrence of events with the 
characteristic size must generally be estimated using data other than historical seismicity. This is 
the case because there are few places in the U.S. where a sufficient number of cycles of seismicity 
have been observed historically to calculate a rate of characteristic events from observations. For 
some faults (e.g. the San Andreas), paleoseismic evidence gives some indication of the rate of 
occurrence of the characteristic earthquakes. 

Maximum magnitude distributions are estimated using a combination of techniques (e.g., 
Coppersmith et al., 1986; Bollinger et al., 1992). Among these are fault length-magnitude relations, 
comparison with other regions of similar characteristics, consideration of geophysical characteristics 
that relate to k,, and consideration of the amount of information known about the region under 
consideration. Ultimately the specification of the M- distribution must be made by analysts 
familiar with the region. It is important to note that IPl- values assigned to the fault sources in 
Appendix A correspond to the middle of the characteristic magnitude interval, whereas the main 
report adds 0.25 to these magnitudes to represent the upper end of the characteristic magnitude 
interval. 

The choice of minimum magnitude rn, is based on the characteristics of small earthquakes (i.e., on 
how damaging are the ground motions associated with these earthquakes), analysis of structural 
response for the facilities being studied, and field observations of structural performance during low- 

( 
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intensity ground motions. Convention in current studies is to use a moment magnitude of 5.0 for 
m,, which is supported by studies of the damageability of ground motions from small magnitude 
earthquakes (McCann and Reed, 1988a, 1988b). 

Table 2-1 summarizes the magnitude distributions and the range of seismicity parameters 
determined for the faults and area sources of Figures 2-2 and 2-3. For the Golden-Boulder, Walnut 
Creek, Rock'Creek, and Valmont faults, a characteristic magnitude distribution was used, and the 
seismicity rate was estimated from slip rate. For the RMADerby source both a characteristic and 
an exponential magnitude distribution (fault and area representation) were used and the seismicity 
rate was estimated from the slip rate and the surrounding historical seismicity that is not associated 
with the deep-well injection activities at the Rocky Mountain Arsenal in the 1960s. Appendix A 
describes this source characmization in more detail. The uncertainty in b-value for the RMA/Derby 
source covers the possibility that a characteristic magnitude process might be at work, and expresses 
a realistic distribution on seismicity rate given the small earthquakes that have occurred historically. 
The derivation of slip rates, b-values, and M- values for faults is documented in Appendix A. The 
historical seismic activity rates and b-values for area sources (and for the RMADerby source) are 
documented in Appendix D, and M- values for these area sources are described in Appendix A. 
A range of interpretations is shown for each parameter, because the available data on fault slip rate 
and on  historical seismicity in Colorado are not sufficient to estimate seismicity parameters with 
high precision. The uncertainty in parameters indicated by the ranges in Table 2-1 is treated using 
the methods described below in Section 2.3. 

Seismicity parameters were estimated from historical seismicity by a team from Risk Engineering, 
Inc. Details of the methods and results are given in Appendix D. 

2.2.4 Ground Motion Attenuation Equations 

Equations estimating seismic ground motion are required for both seismic hazard calculations and 
for deterministic spectra calculated for each fault and area source. Because there are no strong 
motion records available from Colorado earthquakes, ground motion attenuation equations must be 
modified from other regions to be consistent with known crustal properties in  Colorado. In general, 
two major methods are available to estimate attenuation equations for seismic hazard studies: 
empirical and analytical. Both methods are used here, by modifying empirical and analytical 
techniques developed elsewhere for Colorado crustal characteristics. Equations are derived for all 
measures of interest for the study, which are peak ground acceleration (PGA) and pseudo-velocity 
(PSV) for frequencies in the range of 25 Hz to 1 Hz. (Results are also presented in terms of 
pseudo-acceleration, PSA.) Ground motion estimates exhibit randomness, and the standard 
assumption in seismic hazard analyses is to characterize the randomness using a lognormal 
distribution with a speclfed standard deviation of ln[ground motion]. Typically the value of a,- 
mot~oa) varies as a function of structural frequency, and it  may also vary with magnitude of the 
earthquake. 

The attenuation equations derived for this study for rock site conditions are compared on Figures 
2-4 and 2-5 for M = 6.5. Three of the equations (labelled "Campbell," "Sadigh," and "Joyner and 
Boore") were derived by modifying available empirical equations from California. Four of the 
equations (labelled "Analy. no. 1'' through "Analy. no. 4") were developed from analytical 
techniques used in California and eastern North America and adapted here to Colorado conditions. 
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Ground motions were derived by a team from EQE International, Inc., Pacific Engineering and 
Analysis, and Risk Engineering, Inc. Appendix E describes in detail these attenuation equations and 
their derivations. 

2.2.5 Site Effects 

The alluvial and soft bedrock conditions at the RFP modify any rock motion that occurs at the base 
of the soil column. To estimate this effect, both empirical and analytical techniques again were 
used, as no site-specific measurements of soil motion are available at the RFP. Both of these 
methods used shear-wave velocity measurements made at the RFP in 1993 and 1994 at depths down 
to 500 feet. The analytical estimates were based on an equivalent linear, vertically propagating 
shear wave model that is equivalent to the program SHAKE except that it used random vibration 
methods in place of time domain integration. The resulting soil amplification factors are amplitude- 
dependent. The empirical estimates of soil amplification modified California results using the 
average measured shear-wave velocity in the upper layers at the RFP, to obtain an empirically-based 
estimate of soil amplification at the RFP that was used for all amplitudes. Figure 2-6 compares 
the amplification factors for the two methods, as a function of frequency. The analytical results 
show a predominant amplification at 1 to 4 Hz, with lesser amplification at 10 Hz. At frequencies 
above 10 Hz the PGA controls the response amplitudes, so the ratio increases. The amplitude- 
dependent site factors were used for the calculations, and the empirical site factors were used to 
check for reasonableness. Appendix F gives details of the procedures used to derive both the 
empirically-based and analytically-based soil amplification factors. 

2.2.6 Calculations 

Equation 2-1 is formulated using the assumption that earthquakes (most particularly, successive 
earthquakes) are independent in size and location. In all seismic hazard applications, primary 
interest is focused on computing probabilities for high (rare) ground motions. As a result, the 
probability of two exceedences in time tis  negligible. The same argument holds when considering 
hazard at a site from multiple sources. Thus, the summation on the right side of Equation 2-1 -- 
which is the rute of earthquakes with A > a* -- is a good approximation to the probubiliry of 
exceeding amplitude u* in time t. This is why Equation 2-1 is an approximation (but an accurate 
one), not a smct equality. 

The calculation of hazard from all sources is performed for multiple values of a* in order to 
generate the hazard curve, which gives the annual probability of exceedence as a function of a*. 
This calculation is performed in the current study for six measures of ground motion: PGA and 
PSV at five frequencies (25, 10, 5,2.5,  and 1 Hz, all at 5% damping). 

2.3 TREATMENT OF UNCERTAINTY 

State-of-the-art seismic hazard studes distinguish between two types of variability: randomness and 
uncertainty. "Randomness" is probabilistic variability that results from natural physical processes. 
The size, location and time of the next earthquake on a fault and the details of the ground motion 
are examples of random events. In concept, these elements cannot be predicted even with collection 
of additional data, so the randomness component of variability is irreducible. The second category 

i\ 
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of variability is "uncertainty," which is parametric or modeling variability that results from lack of 
knowledge about the true state of nature. In principle this variability can be reduced with the 
collection of additional data. 

These two types of variability are treated differently in advanced seismic h M  studies, as follows. 
Integration is carried out over probabilistic variabilities to get a single hazard curve (as indicated 
by Equation 2-1). Modeling uncertainties are expressed by multiple assumptions, hypotheses, or 
parameter values. 

There are uncertainties associated with each of the three inputs to the seismic-hazard evaluation, as 
follows: 

0 Uncertainty about seismic sources and faults (Le. about which tectonic features in a region 
are actually earthquake sources) arises because of lack of knowledge about which, if any, 
faults created in a previous tectonic environment have been reactivated in the cukent 
tectonic environment. P,, the probability that a source is tectonically active, is assessed 
using explicit criteria based on earth science information. Uncertainty may also arise about 
the geometry of a seismic source. 

0 Uncertainty in seismicity is generally divided into uncertainty in maximum magnitude and 
uncertainty in seismicity parameters v and b. Uncertainty about M-, the maximum 
magnitude that a given source can generate, arises from incomplete knowledge about how 
a fault, perhaps created in a different tectonic stress regime, might release crustal stress in 
the current regime. Estimates of M- are obtained from physical characteristics of the 
source and from historical seismicity. Uncertainty in seismicity parameters v and b arises 
from statistical uncertainty caused by few observations, from lack of knowledge about how 
completely earthquakes have been reported, and from uncertainty about the accuracy of 
various catalogs of historical seismicity available with which to estimate parameters. For 
the characteristic magnitude distribution, additional uncertainties are the magnitude range 
of the characteristic event and its annual rate of occurrence. 

0 Uncertainty in the attenuation functions arises from alternative hypotheses about the ground 
motion characteristics associated with earthquakes. This uncertainty often is large, 
particularly in areas where few direct recordings of strong motion are available. 

These multiple interpretations are used to calculate alternative seismic hazard values according to 
Equation 2-1, resulting in a suite of hazard curves. The probability for each seismic hazard curve 
is calculated from the probabilities given to each of the uncertain inputs used to calculate it; the final 
probability is calculated as the product of the probabilities of the input variables. From the suite of 
hazard curves, each with an associated probability, fractile curves or a mean seismic hazard curve 
are derived. 

In order to organize and display the multiple hypotheses, assumptions, parameter values and their 
possible combinations, a logic tree approach is used in this study. Logic trees are a convenient 
means to express alternative interpretations and their probabilities. Each node of the logic tree 
represents an input assumption, model, or parameter that is uncertain. The branches emanating from 
that node represent possible alternative choices of the assumption, model or parameter. The 
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probability assigned to each branch represents the assessed likelihood that the choice represented 
by that branch is "comt," given our current knowledge, and these choices (and probabilities) may 
depend on values of the preceding parameters. 

The logic tree in Figure 2-7 illustrates the treatment of parameter uncertainty. There is one hazard 
curve associated with each terminal node; this hazard curve corresponds to certain sources being 
active, each active source having a certain M- and certain seismicity parameters, and a certain 
attenuation function being the "correct" attenuation model. The probability associated with that end 
branch is the product of the probabilities of all branches traversed to reach that end branch. 

Logic trees are a convenient way of organizing the uncertainties incorporated into a seismic hazard 
analysis, and of documenting them as well. Examples are contained in Appendix A on seismic 
source characterization . 

2.4 SUMMARY 

Probabilistic seismic hazard analysis requires as input a delineation of seismic sources, a 
specification of seismicity characteristics for those sources consisting of magnitude distributions and 
associated parameters, and a selection of ground motion attenuation equations for the region of 
interest. In concept a l l  possible earthquakes in the region are modeled, as are the associated ground 
motions. Uncertainties in active faulting, areal sources, characteristics of seismicity, and ground 
motion are incorporated explicitly as multiple alternative hypotheses. The effects of these 
uncertainties are represented as uncertainty in the hazard curves, and sensitivity studies show the 
influence of each input uncertainty on the resulting calculated hazards. Thus the hazard analysis is 
an overall methodology that can represent both randomness and uncertainty in earthquake 
occurrences, characteristics, and ground motions, for the purpose of decision-making regarding 
seismic risk mitigation. 

I 
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Section 3 

SEISMIC HAZARD RESULTS 

3.1 PROBABILISTIC RESULTS 

Probabilistic results are presented in this Section in the form of total seismic hazard curves, 
sensitivities of seismic hazard to uncertainties in input assumptions, and uniform hazard spectra. 
These results have been calculated using the methodology and inputs described in Section 2. 
Sensitivity results are presented for both PGA (as a high-frequency representation of the ground 
motion) and PSV( 1 Hz). These results are shown for rock conditions, because the rock hazard 
curves do not introduce the complicating factor of soils response and may be used as input to a soil- 
structure interaction model, for example. The sensitivities for hazard at the soil surface are similar. 

The total hazard curves with uncertainties are illustrated in Figures 3-1 through 3-6 for PGA and 
for PSV at 25 Hz, 10 H z ,  5 Hz, 2.5 Hz, and 1 Hz. The mean, median, 15% and 85% fractile curves 
are shown for conqibutions from all fault and area sources. As an example of the range in hazard, 
at 2x104 annual probability the difference in PGA between the 85% and 15% fi-actile is about a 
factor of 4. For PSV in the frequency range 25 Hz to 1 Hz the uncertainty in ground motion is about 
the same as for PGA. The mean hazards are documented numerically in Table 3-1. The slopes of 
these total hazard curves are about -2 (on log-log scale), and the ratio of medmedian probability 
is about a factor of 2 to 5 across the frequency range studied. 

Figures 3-7 and 3-8 show the mean hazard by fault and area source for PGA and PSV(1 Hz), 
respectively. These are mean hazard curves in the sense that the mean hazard is computed over all 
uncertainties in fault geometry, seismicity parameters, and attenuation equation. The P, is 
incorporated into the calculation of these curves, as it is in the total hazard curves. From these two 
plots it is clear that the RMA/Derby source dominates the hazard for annual probabilities between 

and 2xlO-' (for PGA) and between lo4 and lo-' (for 1 Hz PSV). At low ground motion levels 
(e.g. PGA - 0.02g) Source III contributes most because of its high rate of activity. Note that the 
W e r b y  source is modeled mathematically as an area source and a fault source because of 
uncertainty in its location, geometry, and seismicity rate (this source has been inferred on the basis 
of seismicity patterns--see Appendix A). 

The small contributions of sources I through V to the total seismic hazard (except for some 
contribution at low frequencies and low amplitudes by source III) means that the exact delineation 
of these sources is not critical. Most interpretations of seismic sources show a separate source in the 
western part of the state, where historical seismicity is higher (see Figure D-23), and the normalized 
seismic activity rates in sources I and II are similar (meaning that the boundary between the two is 
not critical to hazard estimates). All of this means that detailed modeling of uncertainty in the source 
boundaries would have little effect on the seismic hazard at the RFP. 

Results showing the sensitivity of hazard to the input assumptions are presented next. These plots a show the mean hazard conditional on fixing several of the input assumptions to specific values, so 
i that the variation in hazard can be examined and judged as to its contribution to the total uncertainty. 

Approximate numerical sensitivities are also reported as the approximate percentage by which the 

> 
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ground motion amplitude varies at the 2x104 annual probability level (which is in the range of 
annual probability levels consistent with typical seismic design levels for critical facilities), as a 
function of changing each input assumption. 

Sensitivity to whether the 1882 earthquake O C C U I T ~ ~  inside or outside of Source I is illustrated in 
Figures 3-9 and 3-10 for PGA and PSV(1 Hz), respectively. Inclusion of this earthquake increases 
the ground motion by a factor of about 2 to 2.4 (depending on natural frequency) at the 2x104 
annual probability level, over the calculation without the 1882 earthquake. The primary effect of 
including the 1882 earthquake is to lower the 6-value estimated from the historical record and to 
raise the esGmated h4- values. 

The conversion of MM intensity to magnitude is an uncertainty that received substantial effort in 
the analysis of the historical earthquake catalog. Figures 3-1 1 and 3-12 indicate the sensitivity to 
the alternative conversions for Source I. Using the M,, magnitudes results in ground motions that 

. are a factor of 1.5 higher than for the M, conversion, at 2x104 annual probability. 

The rate of Occurrence of earthquakes on the RMA/Derby source has an important influence on the 
hazard, and this is demonhated in Figures 3-13 and 3-14. Here the sensitivity to seismicity rate is 
shown for three values that derive from the uncertainty in rate of Occurrence (see Appendix D). The 
rates based on slip rate are not included in these figures but are depicted in Figures 3-15 and 3-16. 
Uncertainty in seismicity rate resulting from application of the two methods is large. This results 
in a large uncertainty in hazard (Figures 3-13 through 3-16). 

Changes in rate of earthquake Occurrence on the Golden-Boulder fault (as well as others) are 
controlled by changes in the estimated slip rate. Sensitivity to this parameter is illustrated in Figures 
3- 17 and 3- 18. There is a one-to-one relationship between hazard and estimated slip rate, so the 
range of a factor of 30 in slip rates leads to a factor of 30 range in hazard. The ground motion at 
2x104 changes greatly, because the lowest slip rate results in  fewer than 2x lo4 earthquakes per 
year. 

The 6-values used for the exponential magnitude distribution have an important influence on hazard, 
and this is illustrated for the RMADerby source on Figures 3-19 and 3-20. The total range in 
ground motion is a factor of 4 to 10 at 2x104 annual probability, from the highest to the lowest b- 
value. Note that, in comparing these two figures to Figures 3-3 and 3-4, incorporation of this large 
range in b-values leads to a much smaller increase in mean ground motion (a factor of 1.2 to 1.4) 
over the central 6-value estimates. Stated another way, if one starts with the hazard result from the 
central 6-value only, and adds uncertainty in 6-value estimates (as shown in Figures 3-17 and 3-18), 
the mean ground motion increases by a factor of 1.2 to 1.4, depending on natural frequency. 

(. 

The sensitivity to maximum magnitude ha, is illustrated for the RMA/Derby source in Figures 3- 
21 and 3-22 for the area representation of this source. There is no sensitivity at low levels of ground 
motion, but the importance of A4- increases at higher amplitudes to a factor of 1.3 to 1.7 at 2x104 
annual probability. For this source, in which seismicity was estimated from historical events, 
increasing M- increases the hazard. 

The opposite effect takes place for the Golden-Boulder fault, where seismicity rates are estimated. 
fiom fault slip rates. This is shown in Figures 3-23 and 3-24, where separate curves are shown for 

( 
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the two seismogenic depths specified for this fault. In this case, for a given slip rate, a lower value 
of M,,,, means that more earthquakes must occur to explain that slip rate, and this higher rate of 
events causes higher hazard. (The lower value of M- is more than compensated for by the higher 
rate of activity.) Conversely, a higher value of M- means fewer earthquakes will explain the given 
slip rate, and the hazard is lower. 

The seismicity of the RMADerby source is obtained using both an exponential magnitude 
distribution applied to the historical activity rate (area source) and a characteristic magnitude 
distribution applied to the seismicity rate (fault source) based on slip rate. Comparison is made on 
these two representations in Figures 3-25 and 3-26. The two equally-weighted representations show 
a large difference in h& at all ground motion levels, primarily as a result of the differences in 
estimated seismicity rates. 

Two representations of uncertainty were made in modeling the RMA/Derby source as an area 
source, and it is useful to look at their importance. First, two regions were used to collect seismicity 
for the historical analysis: Region A and Region B (see Appendix D for a definition of these). 
Region A is larger, it includes more historical events, and leads to slightly higher hazard, as 
illustrated in Figures 3-27 and 3-28. Second, two geometries were used to characterize the spatial 
extent of the source, Geometry 1 and Geometry 2 (see Appendix D for a definition of these). 
Geometry 1 extends closer to the RFP and leads to slightly higher hazard, as illustrated in Figures 
3-29 and 3-30. Neither of these uncertainty models has a large influence on the hazard, as illustrated 
by Figures 3-27 through 3-30. 

The effect of attenuation uncertainty is illustrated on Figures 3-31 and 3-32, which shows the mean 
hazard curves for each of the seven attenuation equations for PGA and PSV( 1 Hz), respectively. 
Ignoring the two extreme analytical equations (nos. 1 and 4, which have very low weight), the range 
of ground motion at 2x104 annual probability is about 2.2 for PGA and 2.9 for PSV(1 Hz), which ' 

implies an important contribution to uncertainty in hazard. 

To summarize the sensitivities, major contributions to uncertainty in hazard come from attenuation 
equation uncertainty, M- u n c h n t y ,  seismicity rate (including source representation) and b-value 
uncertainty on the RMA/Derby source. The location uncertainty on the 1882 earthquake, and M,- 
Mh4I conversion uncertainty, are important for Source I. Of the above sources of uncertainty, the 
attenuation equations are most important, as they affect all sources simultaneously. 

We can gain some insight into the accuracy of the hazard results by comparing calculated seismic 
hazard with the historical analysis presented in Appendix D. Figures 3-33 through 3-35 show the 
medians, upper and lower fractiles from the two sets of analyses (the seismic hazard results are 
presented for the 15% and 85% fractiles, the historical results are presented in Appendix D for the 
10% and 90% fractiles). The three figures show results for PGA, PSV(l0 Hz), and PSV(1 Hz), 
respectively. The uncertainty bands generally overlap, with the analytical results showing more 
uncertainty than the historical results. There is a good reason for this. The seismic hazard results 
include, and for PGA in  the annual probability range l o 2  to l o 3  are dominated by, earthquakes on 
the RMA/Derby source. This feature has not had a historical earthquake greater than M = 4 (except 
for events caused by the Rocky Mountain Arsenal disposal well), so no contribution to the historical 
hazard comes from the RMADerby source. (Recall that the lower-bound magnitude for both 
analyses was M = 5). The RMADerby source conmbutes to the seismic hazard for the range l o 3  
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to lo", as is clear from Figures 3-3 and 3-4, and uncertainties in parameters for this source are large, 
so the analytical hazard results have'larger uncertainties than the historical results. 

The rock hazard curves are presented in the form of uniform hazard spectra as both tripartite plots 
and acceleration vs. period plots in Figures 3-36 through 3-45 for mean spectra corresponding to 
damping values of 2%, 5%. 7%, and 10%. These are shown for the following annual probabilities 
and retum periods: 

The mean rock spectra are presented together for the five return periods in Figures 3-46 and 3-47 
for 5% darnping, and Table 3-2 documents these mean spectra in terms of the ground motion values 
associated with the above return periods. Note that the values are the FGA values plotted at the 
high-frequency (short period) end of the spectra at 33 Hz on these plots. , 

Artificial ground motions have been derived whose response spectra match those calculated for each 
annual probability (return period) given in the above table. These artificial motions can be used as 
input to soil-structure interaction analysis for specific structures at the RFP. Details of these ground 
motions are documented in Appendix I. 

Hazard results for soil were computed from the rock hazard calculations by using the computed soil 
amplification factors to determine seismic hazard at the free-field soil surface. The uncertainty in 
soil hazard curves was considered to be the same as the uncertainty in rock hazard curves, i.e. no 
additional uncertainty in the soil amplification was taken into account, following the 
recommendation of EPRI (1993; p. 9-55). The soil hazard curves are illustrated on Figures 3-48 
through 3-53 for PGA and PSV at 25, 10,5,2.5, and 1 Hz, respectively. These are similar to the 
rock hazard curves but they take into account the calculated soil amplification/deamplification. The 
mean seismic hazards for soil conditions are documented in Table 3-3. The soil results are not 
recommended for analysis or design of specific buildings. 

Figures 3-54 through 3-63 illustrate the uniform hazard spectra for soi1,'for the same return periods 
documented above for rock, and Figures 3-64 and 3-65 plots together the mean uniform hazard 
spectra for soil, for the five return periods. Table 3-4 documents the numerical values for the mean 
uniform hazard spectra. 

,. 

In addition to the direct hazard results, the hazard has been deaggregated to show the contribution 
by magnitude and distance. Appendix J gives the details of this deaggregation, and Figures 3-66 
and 3-67 illustrate the magnitude-distance contribution for PGA = 0.08g and 0.25g, respectively. 
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These PGA levels correspond to and 10" annual probabilities of exceedence. The figures 
indicate that the RMA/Derby source at 27 km dominates the hazard for PGA from 0.08g to 0.25g. 
Similar results are presented in Appendix J for 1 Hz frequency. 

'. 

! 

3.2 DETERMINISTIC RESULTS 

This section presents deterministic results in the form of spectra computed for a representative 
magnitude and distance important to hazard at the RFF', and i n  terms of conclusions from the soil 
liquefaction aqd geotechnical stability parts of the project. 

Deterministic Spectra 

A set of spectra are plotted on Figure 3-68 for = 5.9 and R = 27 km. These values are the modal 
(most likely) magnitude M and distance R for events causing exceedences in the and 10" annual 
probability range, where the RMA/Derby source dominates the hazard. Table 3-5 illustrates values 
of M and R for several amplitudes and natural frequencies for the RMA/Derby source. Figure 3-66 
illustrates the sensitivity of the median spectral shape to attenuation equation, and also shows the 
average of the median spectra. 

Additional examples of deterministic spectra are presented in Appendix J. 

Soil Liquefaction and Geotechnical Stability 

Appendices G and H present an analysis of "Soil Liquefaction Potential" and "Stability of 
Geotechnical Structures," respectively. These studies were conducted as part of the current project. 

Appendix G on soil liquefaction finds that soil conditions at the RFP consist of stiff clays, medium 
dense to very dense sands, medium dense to very dense gravels, and stiff cohesive fill. Where sand 
occurs, it is generally clayey or gravelly. The conclusion is that under any ground motions 
envisioned for the RFP, there is very little likelihood of liquefaction due to the nature of the Rocky 
Flats alluvium. 

With respect to the stability of slope surfaces, the analysis conducted and reported in Appendix. H 
indicates that some slopes may undergo some amount of permanent displacement under extreme 
loadings and conditions. If ground motions at the lo4 annual probability level are considered for 
seismic evaluations, the corresponding ground motions are 0.25g to 0.35g at the mean level (see 
Figure 3-1). If soils comprising slopes at the RFP are cohesionless, if they are about 30 ft in height, 
and if the water table is within 10 ft of the crest of the slope, these slopes can be expected to have 
permanent displacements that might approach 30 cm. For slopes comprised of cohesive soil or fill, 
the permanent displacements would be less than this, perhaps as much as 15 cm. A lower water 
table or a slope that is less than 30 f t  could be expected to undergo less displacement. Note that 
these conclusions were reached using conservative assumptions on shear strength parameters, as 
detailed site parameters were not available for this study. 
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3.3 SEISMIC HAZARD ISSUES 

Ten seismic hazard issues have been addressed by this project, in addition to the calculation of 
seismic hazard. These issues are stated in this Section, along with their degree of resolution and 
potential impact on seismic hazard given current knowledge. 

Issue No. 1: 
earthquake (Colorado). 

Size, location, and seismotectonic significance of the November 7, 1882 

The location, size, and association of this earthquake with a particular tectonic StruCNre or province 
has been the focus of significant study (e.g. Hadsell, 1968; Coffman and Von Hake, 1973; Dames 
and Moore, 1981, McGuire et al., 1982; Oaks et al., 1985; Kirkham and Rogers, 1986,1988). The 
most recent studies estimate its size at about magnitude 6 to 6 1/2 and place its epicenter in north- 
central Colorado. Despite its obvious importance as the largest historical earthquake in the state, 
the significance of the 1882 event to seismic hazard, given our present knowledge of the event, is 

’ limited, as we proceed to explain. 

Under this project, Dr. G.A. Bollinger has reviewed available data and interpretations of the 1882 
earthquake and has quantified his uncertainties on the epicentral location and magnitude of the event 
(see Appendix C). Given currently-available data, the epicenter may have been anywhere in north- 
central or northwestern Colorado, southern Wyoming, or northeastern Utah, and the moment 
magnitude is estimated to have been in $e range 5.0 2 0.4 to 6.9 2 0.2, with a best estimate of 6.4 
f: 0.3. 

Evidence has not been found that will allow association of the 1882 earthquake with a particular 
fault. As a result, the event must be treated for hazard analysis using an areal source and cannot be 
tied to any particular position other than within the source zone boundaries. Sensitivity studies 
indicate a moderate sensitivity of the seismic hazard to whether the 1882 earthquake is in source 
area I (the host source), but this some does not contribute significantly to seismic hazard at Rocky 
Flats. The primary effects of including this earthquake in the historical seismicity analysis for a 
source are that estimates of the b-value based on historical seismicity are reduced, and maximum 
magnitudes are increased. Both effects increase the frequency of events with M > 6. 

The seismotectonic significance of this earthquake is that it shows that magnitude 6 to 6 1/2 
earthquakes are possible in the area. This is not surprising, given the level of earthquake activity 
in the area and the topographic relief associated with the Rocky Mountains. Earthquakes of this size 
are taken into account both by the source areas derived for this study and by the faults delineated 
as earthquake sources. Thus while the size and location of this earthquake cannot be resolved, the 
effect of uncertainties in these parameters are taken into account in the current hazard study. 

Issue No. 2: Implications of the October 18,1984 Laramie Mountains (Wyoming) earthquake 
to seismotectonics of the Colorado Front Range. 

This earthquake had a magnitude (MJ of 5.5 and was located over 300 km from the Rocky Flats 
Plant. This means that the causative fault will have little effect on strong ground motions at the site. 
The broader question of how this earthquake affects seismotectonic interpretations within Colorado 
revolves around what has been learned about the characteristics of the event. 
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Efforts to find the causative fault for the earthquake have not been successful (Langer and Snyder, 
1988; Langer et al., 1991). Studies of the intensity distribution (Stover, 1985) and focal 
mechanisms (Langer et al., 1991) provide information on the source parameters for the event and 
its aftershocks. 

The dominant style of faulting during the mainshock and aftershocks was strike-slip and normal, 
suggesting a predominately extensional stress regime with T-axis’in the northeastern quadrant 
(Langer et al., 1991). This is common for the Rocky Mountain province and does not indicate an 
unusual style of faulting or type of earthquake that requires special modeling in a hazard analysis. 
Focal depths for the earthquakes and its aftershocks of about 20 to 25 km (Langer et al., 1991) are 
unusual for earthquakes in the region and should not be considered typical in the sense that future 
earthquakes should be modeled with these depths. 

The confirmation of extensional stresses in the area is useful in helping to delineate the location and 
nature of the boundary between the compressional stress regime of the mid-continent and the 
extensional sksses  of the Rio Grande rift and Colorado Plateau. The specific importance of these 
assessments to seismic hazard at the site is relatively small. 

Issue No. 3: Amplification of ground motions associated with surficial/bedrock geology of the 
Colorado Front Range. . 

Amplification of ground motions at Rocky Flats might come from two causes. First, the Rocky 
Flats alluvium overlying claystone may amplify vertically-propagating wave amplitudes in the 
frequency range of engineering interest. Second, the sedimentary units underlying Rocky Flats 
become more shallow to the west, and ultimately the sedimentaq/cxystalline interface comes to the 
surface at the Front Range of the Rocky Mountains. This geometry might generate surface waves 
and trapped body waves, increasing low frequency ground motions over those that would occur for 
horizontally-layered units. Both potential phenomena are explored in this study. 

To examine the effects of alluvial layers on ground motion amplitudes, we have used two methods. 
Both methods rely on the downhole shear wave velocities measured in 1993 and 1994 in boreholes 
at Rocky Flats. The first uses an analytical method employing vertically-propagating shear waves 
to estimate soil response. The method uses a random vibration theory equivalent linear approach, 
which is equivalent to the program SHAKE except that time histories are not required. The second 
method uses empirically-based predictions of soil response in California, and modifies those 
predictions using the Rocky Flats shear wave velocities. Both methods indicate that the 
predominant amplification occurs at low frequencies (below 5 Hz). The analytical method results 
in amplitude-dependent amplification factors, and these factors are used to generate spectra for the 
soil surface. 

The effects of this soil amplification is relevant to the seismic hazard at Rocky Flats, and the soil 
amplification factors are used in this project to calculate hazard at the soil surface. The techniques 
used here are state-of-the-practice in that similar techniques are used in like projects for similar 
facilities. The only better way to obtain soil amplification factors for Rocky Flats would be to 
deploy several downhole arrays of strong motion seismographs and wait to record multiple strong 
earthquakes, which is not practical. Thus the soil amplification caused by overlying Rocky Flats @ 
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alluvium has been resolved to the extent possible, and is incorporated into the hazard estimates for 
the soil surface. 

For site-specific analyses that employ soil structure interaction (SSI) investigations or detailed 
building-specific soil columns, it is recommended that the rock outcrop motions be used as control 
motions. The control point should be taken at a depth of about 100 feet with a bedrock velocity of 
2000 ft/sec (610 m/sec) and the base case profile used (Figure F-4). If a local building-specific 
profile is used, it should extend to a depth where the material has a velocity of about 2000 Wsec 
(610 m/sec). For profiles which do not extend to a sufficient depth, they may be merged to the base 
case profile. The rock motions (both horizontal and vertical) should be propagated to the surface 
using an appropriate computational scheme that can accommodate both horizontal and vertical 
motions. This approach reflects state-of-practice site-specific analyses and is the only approach 
available. 

For a generic analysis of s t r u c ~ e s  at the soil surface, the soil motions (both horizontal and vertical) 
presented in this report should be used. These represent the effects of soil for the base case profile 
(Figure F-4) and represent an average conversion of horizontal to vertical motions. Therefore, these 
motions are appropriate for a generic analysis. 

With regard to the amplification caused by geometric effects of sedimentary bedrock juxtaposed 
against older igneous and metamorphic units, a 2-dimensional, time-domain, explicit finite- 
difference model was used to determine the extent 'to which ground motions (including surface 
waves) might be amplified at Rocky Flats. Properties of the sedimentary and crystalline units were 
estimated from available sonic logs and reflection lines. The analysis indicated no significant 
amplification at frequencies of 1 Hz and higher. 

An additional, empirical analysis was conducted of intensity observations from the 1984 Laramie 
Mountains (Wyoming) earthquake. This analysis examined whether intensities in the Front Range 
area were systematically higher than in other locations for this well-observed earthquake. There was 
no statistically-significant effect of location near the Front Range that indicated higher-than-average 
intensities for this earthquake. 

Our conclusion with respect to this geomemc amplification is that the location of the RFP close to 
the Front Range, where sedimentary units are juxtaposed,against crystalline bedrock, does not 
amplify ground motions at frequencies of 1 Hz and higher. Therefore amplifications of this type 
should not be incorporated into a seismic hazard analysis. 

Issue No. 4: Continuing seismicity in the Rocky Mountain Arsenal area. 

The Rocky Mountain Arsenal, located about 30 km east of the RFP, operated a deep fluid injection 
well between November 1961 and February 1966. A temporal and spatial association of 
earthquakes with the volume of injected fluid was noted by Evans (1966) and Healy et al. (1966, 
1968), among others. Three earthquakes with reported magnitudes in the lower 5 range, which were 
the largest shocks of the sequence, occurred in 1967 after injection had stopped. These three largest 
shocks had seismic moments that imply moment magnitudes of 4.5 to 4.8 (Hemnann et al., 1981). 
Seismicity in the vicinity of the injection well subsequently decreased after the late 1960s. 
Convincing arguments have been made that the local earthquakes in the vicinity of the Rocky 
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Mountain Arsenal were caused by tectonic stresses whose release was triggered by the fluid injection 
(e.g., Hsieh and Bredehoeft, 1981; Nicholson and Wesson, 1990; Davis and Frohlich, 1993). It is 
likely that similar tectonic stresses exist elsewhere in Denver and Front Range areas. 

The seismicity record of the Rocky Mountain Arsenal area includes eleven earthquakes that either 
precede or cannot convincingly be associated with the deep-well injection of the 1960s. Four of 
these earthquakes occurred between 1902 and 1924 and included two shocks of MMI IV; the other 
two were recorded as "felt." The remaining seven earthquakes occurred subsequent to 1972 when 
the effects of injection are estimated to have dissipated (Hsieh and Bredehoeft, 1981). The fluid- 
injection-related earthquakes did not behave like an aftershock sequence in time, so a rate-decay 
model such as typically used in estimating the change from aftershocks to normal background 
activity could not be applied successfully. The process of pore pressure build-up and diffusion does 
not change crustal stresses, either in space or time, the same way a main shock does. 

The RMADerby source, with which one can arguably make a spatial association with the Rocky 
Mountain Arsenal seismicity, has been identified by the Colorado Geological Survey (Kirkham and 
Rogers, 1981) as "potentially active." Therefore, we include the RMA/Derby source in our analysis, 
using historical earthquakes in its vicinity not associated with the deep-well injection activities to 
estimate historical rates of occurrence. The maximum magnitude on the RMADerby source is 
estimated using the fault length and width. 

With these historical observations and identification of the RMADerby source as "potentially 
active," it is important to include this fault in the seismic hazard analysis. This has been done in this 
study, using a probability of activity of 0.7 (see Appendix A) and using historical seismicity to 
estimate rates of activity (see Appendix D). The RMADerby source is relevant to seismic hazard 
at Rocky Flats, at least for annual probabilities of about 2x104 and greater. (At lower annual 
probabilities, other sources indicate larger contributions to the hazard.) Current uncertainties on the 
activity of this fault cannot easily be resolved, as there is no surface expression of this feature. 
Kirkham and Rogers (1981) determined the fault to be potentially active on the basis of earthquake 
epicenters from seismicity induced at the Rocky Mountain Arsenal. Also, the association of 
historical (non-induced) events with the fault is uncertain. That uncertainty has been incorporated 
here explicitly with multiple hypotheses on the events used to estimate the historical rate of activity. 
Thus current uncertainties are accounted for in the seismic hazard analysis; there is no apparent way 
in which these current uncertainties could be reduced to better resolve the hazard from the 
RMA/Derby source. 

Issue No. 5: "Potentially active faults" as defined by the Colorado Geological Survey (1981). 

The faults identified as "potentially active" in the mapping by Kirkham and Rogers (1981) have 
potential importance to the seismic hazard assessment in two ways: faults in close proximity to 
Rocky Flats (50 km or less) could contribute to site ground motions; and faults at some distance 
lying within tectonically-analogous regions to the site could be diagnostic of the seismic potential 
of sources closer to the site. The closest mapped "potentially active" fault to the site is the Golden- 
Boulder section of the Front Range fault system and was the subject of detailed investigation along 
the main trace previously (Dames and Moore, 1981; Darrow and Krusi, 1981). These studies 
indicated that the mapped Golden fault is not capable by USNRCcriteria (i.e. the most recent 
displacement occurred prior to 600,OOO year-old Verdos-age alluvium). However, deep seismic 
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reflection profiling along a profile from the Front Range past Rocky Flats indicates some possibility 
for current activity along the Front Range fault system, in particular on the Golden-Boulder sections 
of this system. Thus the Golden-Boulder fault has been included in the current seismic hazard 
study, with a probability of activity of 0.4. Close to the site other relevant e&hquake sources are 
the Valmont fault, RMA/Derby source (discussed in Issue No. 4 above), Walnut Creek fault, and 
Rock Creek fault. The first two were identified by the Colorado Geological Survey as potentially 
active, the others were not. All four have been included in the hazard calculations presented here. 
Other faults at progressively greater distances from the site include the Floyd Hill, Kennedy Gulch 
and Jam Creek faults. These faults were the subject of detailed investigations in conjunction with 
the geologic and seismotectonic investigations by the Denver Water Department (1986). All of 
these faults are interpreted to not displace deposits at least as old as late Pleistocene in age. 
Uncertainties exist because the relationship between the faults and Quaternary deposits can only be 
established intermittently along their traces and because of uncertainties in the age of deposits. 
However, the conclusion is that these faults are not active in the present tectonic regime. 

\. - 

In sum, the mapped "potentially active" faults identified by the Colorado Geological Survey in the 
nearby vicinity of the site have all undergone fairly detailed field investigations elsewhere and have 
been reviewed in detail for this study. They have largely been found to be inactive, with some 
possibility (probability of 0.4) of the Golden-Boulder fault being active (see Appendix A). 

The potential activity of faults in the vicinity of Rocky Flats is critical to the seismic hazard. The 
calculation of hazard is dominated by hypothesized faults in the area (represented, for example, by 
the RMA/Derby source and Golden-Boulder fault), and these have been characterized as well as 
possible given current knowledge and investigations of these faults. 

Issue No. 6: Implications of seismotectonic studies conducted for Two Forks Dam (Denver 
Water Department). 

The studies conducted by the Denver Water Department (1986) mark a significant contribution to 
understanding of the seismotectonic environment of the central Front Range. The area that has 
sigmficance to the seismic hazard at the Rocky Flats site is the investigation of several "potentially 
active" faults within 100 km of Rocky Flats. The regional fault studies and Quaternary geologic 
studies provided local calibration for regional Rocky Mountain chronosequences and demonstrated 
that local fluvial stratigraphy and soils could be tied to regional glacial episodes for purposes of 
dating the age of most recent displacement on the faults. The seismic hazard issues associated with 
the "potentially active" faults investigated by the Denver Water Department are discussed above in 
Issue No. 5. 

I 

An issue that is addressed in the Denver Water Department studies but not resolved is the issue of 
the state of tectonic stress in the central Front Range. From the standpoint of seismic hazard 
analysis, stress state is important inasmuch as areal seismic source boundaries are drawn taking into 
account stress provinces, and because the orientation of stress axes relative to that of particular faults 
may be an indicator of their potential for activity. Denver Water Department (1986) concludes that ' 
microseismic monitoring in the central Front Range indicates strike slip displacements consistent 
with the Larimide compressional stress regime. They attribute these stresses to "remnant stresses" 
inherited from earlier tectonism (Warner, 1986). However, other more regional studies have 
concluded that the central part of Colorado lies withm a large region of extension (e.g. Wong, 1986; 
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Zoback, 1988) marked by a relative uniformity in the orientation of the least principal stress axis 
lying in the northeast quadrant. The origin of these extensional stresses is uncertain, although Wong 
(1986) suggests that they may be related to development of the Rio Grande rift and Zoback (1988) 
suggests that the stress may be related to the same thermal uplift affecting the Basin and Range 
province. Ultimately, the issue of the implications of stress orientations to the activity of a 
particular fault is minor. Geologic criteria for activity, such as the age of the most recent 
displacement, ovenide considerations of the favorability of the orientation of a fault to the tectonic 
stress regime. Thus issues related to the state of tectonic stress addressed by the Denver Water 
Department (1986) do not have large implications on the seismic hazard at Rocky Flats. 

:e 

Issue No. 7: Structure of the Front Range in the vicinity of Rocky Flats based on oil/gas 
drilling and geophysical data. 

Although the structure of the c e n d  Front Range is extremely important to an understanding of the 
geologic history of the region and the potential for hydrocarbons, it is potentially important to the 
seismic hazard at the site in only a restricted sense. The nearby structure is only important if faults 
contained therein have the potential for earthquake generation within the present tectonic 
environment. The Front Range structures developed in a previous tectonic regime, and reactivation 
in the contempomy tectonic regime is probably occurring only locally. Studies all over the world 
have shown that the best indicator of the potential for future fault activity is the presence of 
Quaternary deformation along a fault zone (Allen, 1975). Recent experience with blind seismogenic 
faults would broaden the defmition of "deformation" somewhat to include Quaternary folding above 
a blind fault (Coppersmith, 1991) as well as brittle surface displacement. Therefore the most 
appropriate way to address the importance of the complex Front Range structure to seismic hazard 
is to focus on the issue of whether or not such smctures show evidence of Quaternary, particularly 
late-Quaternary, deformation. If they do, then unraveling the details of their structure is warranted. 
If not, detailed data gathering and structural analysis is simply not justified from the standpoint of 
seismic hazard assessment. 

Faults that are shown to be associated with Quaternary deformation are characterized in the current 
study as fault sources for the seismic hazard analysis and, to the extent that downdip geomekies are 
known, this information is incorporated into their characterization. A key uncertainty in assessing 
the earthquake potential of reactivated faults is the length of the fault that has been reactivated 
(which is therefore the maximum possible rupture length). Reactivated faults in close proximity to 
the Rocky Flats site are significant to the site hazard, particularly for very long return period ground 
motions. 

An effective approach that has been used here to evaluate the potential for Quaternary deformation 
across the entire Front Range-Great Plains boundary is to carry out a tectonic geomorphic analysis 
across the boundary and to the east past the location of the Rocky Flats Plant. Tectonic 
geomorphology (Bull, 1984) was evaluated using existing Quaternary maps (e.g. Trimble and 
Machette, 1979)-and digital topographic data available from the USGS. The object of these studies 
was to use particular geomorphic surfaces of known age as "strain gauges" to assess whether or not 
they have been deformed. These techniques have been applied in extensional environments (Bull, 
1984, 1990), compressional environments (Bullard and Lettis, 1990), and low-strain rate 
environments of the southeastern U.S. (Hanson and Bullard, 1992). An advantage of these 
techniques is that they are capable of discerning either brittle surface fault displacement or near- @ 
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surface folding related to deep-seated fault slip. Quaternary data were! also combined with available 
interpretations of the deeper strucm in the vicinity of the site in a balanced cross section analysis. 
Quantitative cross section balancing techniques developed in recent years relate secondary fault- 
related features observed at the surface (e.g. folding, tilting) to the location, shape, and slip of a 
primary fault at depth. By incorporating the Quaternary geologic data (both Quaternary deposits 
as well as associated geomorphic surfaces), the balanced sections help identify any evidence for 
recent deformation. These tectonic geomorphic and cross section techniques have recently been 
used in a licensing context for a very similar geologic problem of assessing the possibility of 
reactivation of Tertiary faults and folds in California (Pacific Gas and Electric Co., 1993), and for 
evaluating the activity of lower Tertiary faults in  South Carolina (Hanson and Bullard, 1992). 

No evidence of deformation was observed from this analysis, thus providing a stronger basis for 
concluding that the Front Range structures in the immediate site vicinity are not active or are active 
.only at a very low rate. 

Issue No. 8: Origin of the Quaternary graben near Golden and its structuraVtectonic relation 
to the Golden fault. 

The Quaternary graben near Golden has been the focus of several studies (e.g. Scott, 1970; 
Kirkham, 1977; Kirkham and Rogers, 1981; Dames and Moore, 1981,1983). The feature itself is. 
relatively short and its potential importance lies in its possible association with the Golden fault. 

The above studies conclude that the graben is far better expressed geomorphically than the Golden 
fault and that the graben faults displace strata that contain a 600-700 ka ash deposit (Kirkham and 
Rogers, 1981). Evaluation of the graben by Dames and Moore (1981) resulted in the conclusion that 
the feature probably has a limited lateral extent, can be explained by both tectonic and nontectonic 
mechanisms for its origin, and is likely not tectonically or structurally related to the Golden fault. 
A non-tectonic mechanism for the observed displacements at the graben has been proposed 
involving surface subsidence over a burnt coal bed (Dames and Moore, 1981, 1983; U.S. 
Department of Energy, 1981). These studies would imply that both the Quaternary graben as well 
as the Golden fault itself are inactive and would not be significant to the site seismic hazard. 

, 

The limited lateral extent of the graben (less than few kilometers) would imply a limited earthquake 
potential (i.e., small source area and small magnitudes) as an individual seismic source. Therefore, 
the importance of the p b e n  for purposes of this study is the degree to which a structural association 
with the Golden fault might imply geologically recent deformation on the Golden fault. Since the 
structural association of the graben with the Front Range fault system cannot be resolved 
unequivocally, the activity of the Golden-Boulder segment of the Front Range fault system is 
modeled with a probability of 0.4. 

Issue No. 9: DOE interim position on seismic evaluations. 

This issue is of high relevance, but is not so much an issue of how to conduct a seismic hazard study 
as it is how to derive guidelines and recommendations once the hazard results have been computed. 
The DOE Interim Position on Seismic Evaluations is still in draft form, but sufficient hazard results 
(over the annual probability range lo2  to lo-’) have been produced to cover any unexpected changes 
in recommended probability levels. With respect to the seismic hazard study, a state-of-the-art study 
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has been performed, incorporating all relevant uncertainties and sources of earthquakes. Multiple 
reviews of the work have been undertaken. Thus the results should be acceptable to DOE as being 
consistent with the Interim Position. 

Issue No. 10: Ground motion attenuation in the Front Range region. 

This issue addresses the appropriate ground motion equation to use in the region surrounding the 
Rocky Flats Plant. Because there are no strong ground motion data available from Colorado, this 
issue cannot be resolved unequivocally. The uncertainty associated with strong ground motion is 
common, however, even in the central U.S. where data are not available for magnitudes above 5. 
Uncertainties are handled by multiple hypotheses in state-of-the-art seismic hazard analyses, and 
this procedure has been adopted here. Thus non-resolution of an accurate attenuation equation for 
the Colorado region does not have an adverse effect on the seismic hazard results vis-a-vis those for 
other regions. Addressing the uncertainty in an explicit, quantitative way with both analytical and 
empirical methods, as done here, documents current uncertainties and adds credibility to the study. 
This is the best (and only available) way of handling this uncertainty. 
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Section 4 

CONCLUSIONS 

This study has made a seismic evaluation of the hazard of ground shaking at the Rocky Flats Plant 
(RFP), Jefferson County, Colorado. This has been done both on a probabilistic and deterministic 
basis, with a range of investigations to look at various sources of hazard and resulting effects on 
soils at the RFP. 

The RMA/Derby source dominates the contribution to seismic hazard. This is not a new source of 
seismicity in Colorado; it was identified, in 1981 by the Colorado Geological Survey as “potentially 
active” (Kirkham and Rogers, 1981). The quantitative probability of activity assessed in this study 
for this source is 0.5. 

A probabilistic seismic hazard analysis has been performed under this study to evaluate probabilities 
with which various amplitudes of ground motion might be exceeded. This is a state-of-the-art study 
in the sense that multiple hypotheses on earthquake sources, characteristics, and ground motions 
have been incorporated into the study, so that quantitative statements of the uncertainty in hazard 
can be made. The sources of that uncertainty can also be traced back to the uncertainties in 
interpretations, and this has been done to identify the major contributors to uncertainty in hazard. 

From the probabilistic hazard results, ground motions for annual probabilities between 2xlO-’ and 
lo3 and greater are dominated by earthquake occurrences on the RMA/Derby source, which lies at 
its closest extension about 13 km from the RFP. The RMADerby source has a maximum 
magnitude estimated to be between 5 3/4 and 7, and was identified by the Colorado Geological 
Survey based on earthquakes that were caused by deep-well injection of liquid waste at the Rocky 
Mountain Arsenal in the 1960s. The rate of earthquake activity for the RMADerby source was 
estimated in this study from historical seismicity in its vicinity and estimated slip rate. Historical 
seismicity was evaluated removing all events thought to be associated with the 1960 injection 
activity and keeping only earthquakes that are thought to be naturally-occumng. 

Dominant conmbutors to uncertainty in seismic hazard are the uncertainty in activity on the 
RMA/Derby source, the estimates of the rate of seismic activity (whether derived from historical 
seismicity or slip rate) for this source, the ground motion attenuation equations, and the 
representation of the RMA/Derby as an area source or fault source. For the attenuation equations, 
estimates of ground motion were made for Colorado earthquakes using both empirical and analytical 
techniques, modifying equations developed elsewhere for Colorado conditions. This was necessary 
because there are no strong-motion records from Colorado earthquakes on which to base a purely 
empirical procedure. 

Soils at the RFP will amplify ground motions predominantly at lower frequencies (below about 5 
Hz). This conclusion is reached from both empirically- and analytically-based studies. Shear wave 
velocity measurements taken at the RFP in 1993 and 1994 were used as input to these studies, so 
that site-specific data could be incorporated into the soil amplification estimates. The final 
recommended soil amplification factors are based on an analytical procedure that is amplitude 0 

24 Risk Engineering, Inc. 



9217-COO-204, Rev. 0 

dependent, and the levels of soil amplification are confirmed by the application of an empirical 
procedure. 

The 1882 Colorado earthquake was investigated by examining available studies on this earthquake, 
and making quantitative estimates of its magnitude and location uncertainties. This earthquake is 
modeled with areal sources; its location uncertainty has an important contribution to uncertainty in 
hazard for those s o m s  (in particular the host source), but those sources do not dominate the hazard 
at the RFP, as noted above. Therefore uncertainty in the interpretation of the 1882 earthquake has 
a minor effect on the total hazard evaluated for the RFP. 

Deterministic results consist of response spectra calculated for all of the potentially-active area 
sources in the region (including the RMADerby), a study of soil liquefaction potential, and a study 
of slope stability under seismic loads. For the spectra, which were calculated with the maximum 
magnitude earthquake at the closest location to the RFP, the RMADerby indicates the highest 
ground motions, due to its large maximum-magnitude earthquake and close distance. 

The soil liquefaction study indicates that there is a negligible chance of soil liquefaction at the RFP. 
This is the case because soils consist of medium-to-very dense gravels, clays, and sands that are 
clayey or gravelly, which are not likely to liquefy. 

The study of slope stability indicates that, under certain conditions, soil slopes may undergo some 
permanent displacement, up to about 30 cm, during earthquake motions. The conditions estimated 
to lead to these permanent displacement are a slope of at least 30 ft  in height, a high water table 
(within 10 ft of the crest of the slope), cohesionless soils, and ground motions of 0.4g or greater. 
For lower slopes, a deeper water table, slopes comprised of cohesive soils or fill, or lower ground 
motion, less permanent displacement will occur. 

Several qualifications to this study are appropriate. As defined in the scope of work, no field 
investigations of faults was undertaken; we relied on information available in the literature to 
identify potentially active faults and to make assessments of fault activity, slip rates, and maximum 
magnitude. Also, no new information was developed on historical seismicity; we relied on available 
seismicity catalogs, resolving discrepancies where appropriate. No soil borings or tests were 
conducted for the soil liquefaction or slope stability studies, and estimates of the shear strength of 
soils was made on a generic basis using the soil classification and available blow count data from 
soil reports of other contractors to the Rocky Flats facilities. We have no reason to believe that 
conducting any of the extra field studies or other data collection described above would lead to 
higher or lower hazard than estimated here, except that site-specific data on soil shear strength 
would likely indicate higher strength than used here (conservative values were chosen because of 
the lack of detailed data). 

In summary, this study has been a state-of-the-art evaluation of seismic hazard at the RFP, 
incorporating uncertainties where appropriate and investigating the relationship between inputs to 
the seismic hazard calculation and results. The results of this study are appropriate for decision- 
making regarding seismic safety at the RFP. 
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FaultJArea 
Source 

TABLE 2-1 

Prob. of Mag. 
Activity Distrib. 

SUMMARY OF SEISMICITY PARAMETERS 

mean range mean 

.0194 .002-.06 3.2OE-3 

range mean range mean range 

2E-6 to 4E-2 0.75 0.46- 1.04 6.2 5.5-7 R W e r b y  1 0.5 

Golden- 
Boulder :, 1 ::: 

Rock Creek 

I I 
I I 

Valmont I 0.4 I Char. 

Walnut Creek 

slip rate, m d y r  I . v5.0 I b-value I Mmax 

0.0099 .002-.06 7.01E-5 * 
.0135 I ."-.p' I 8.098-5 

6E-6 to 1E-3 I 0.75 --- . I 1:: 1 7.0-7.6 

2E-7 to 1E-3 0.75 --- 5.8-6.8 
I I I I 

5.8-6.8 1E-6 to 5E-4 0.75 --- . 6.2 ' 

8E-8 to 3E-4 0.75 --- 6.2 5.8-6.8 

4E-3 to 2E-2 0.79 0.64-0.85 5.8 5.5-6.5 

3E-3 to 2E-2 0.78 0.66-0.85 6.2 5.5-7.0 

0.72 7 6.5-7.5 ,0.67-0.76 5E-2 to 1E-1 

7E4 to 3E-2 0.93 0.75-1.11 5.8 5.5-6.0 

--- 0.75 0.55-0.95 5.8 5.5-6.0 
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15 

20 

30 

50 

TABLE 3-1 

3.29E-4 1.32E-6 4.5OE-5 2.04E-4 4.25E-4 6.32E-4 

1.76E-4 6.7 1E-7 2.25E-5 1.08E-4 2.35E-4 3.5OE-4 

6.91E-5 2.49E-7 8.03E-6 4.19E-5 9.66E-5 1.45E-4 

2.05E-5 6.40E- 8 2.1 1E-6 1.2OE-5 3.OOE-5 4.54E-5 

MEAN CALCULATED HAZARD FOR ROCK 
(FOR 5% DAMPED SPECTRA) 

100 3.78E-6 6.66E-9 3.41E-7 1.98E-6 5.91E-6 9.39E-6 

~- 

75 I 7.71E-6 I 1.84E-8 I 7.28E-7 I 4.25E-6 I 1.17E-5 I 1.80E-5 

* 96 g for E A ,  c d s  for PSV 
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TABLE3-2 

MEAN UNIFORM HAZARD SPECTRA FOR ROCK 

Return 
Period, 
Yrs 

500 

1 .OOo 

2,500 

5.000 

10,Ooo 

2% 
5% 
7% 
10% 

2% 
5% 
7% 
10% 

2%. 
5% 
7% 
10% 

2% 
5% 
7% 
10% 

2% 
5% 
7% 
10% 

~~ 

PSA(25 Hz) PSA(1O Hz) 

.116 
-105 

.130 .268 

.lo9 .20 1 

.lo3 ~ .182 

.099 .163 

.222 .457 

.183 .343 

.173 .308 

.165 .276 

.313 .645 
257 . .483 
-243 .434 
.23 1 .389 

.445 .905 

.361 -676 

.340 .607 

.321 .543 

,- 
A 

Lmplitude (g) for 

.176 .130 .059 

.137 .lo2 .05 1 

.124 ' .092 .047 

.112 .08 2 -043 

.267 .195 .088 

.207 .153 .075 

.188 .138 . .070 

.170 .122 .064 

.a5 .314 .140 

.345 -247 .120 

.312 . .223 .111 

.282 -197 .101 

.626 .437 -193 

.484 .345 -166 

.439 .310 .153 

.395 .215 .139 

356 .6d -264 
.662 .473 .226 
.599 .425 .209 
.539 .377 .190 
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TABLE3-3 

MEAN CALCULATED HAZARD FOR SOIL 

I 

10 1.49E-3 2.21E-6 1.19E-4 1.07E-3 2.21E-3 1.70E-3 

15 7.33E-4 8.52E-7 2.55E-5 4.89E-4 1.13E-3 8.41E-4 

20 3.98E-4 4.26E-7 6.47E-6 2.46E-4 6.77E-4 4.93E-4 

30 1.5 1E-4 1 S2E-7 2.02E-6 6.96E-5 3.1OE-4 2.22E-4 

50 3.53E-5 3.61E-8 5.28E-7 7.72E-6 1.01E-4 7.65E-5 

75 8.65E-6 9.52E-9 --- 1.90E-6 3.42E-5 3.2OE-5 

100 3.58E-6 --- --- 8.38E-7 1.37E-5 1.73E-5 - 

* % g for PGA, cm/s for PSV 
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v TABLE3-4 

MEAN UNIFORM HAZARD SPECTRA FOR SOIL 

500 .085 

1,OOO .126 

2,500 .200 

5,000 .270 

10.000 .350 

5% .244 .421' .526 .423 .143 
7% .234 .383 .475 .381 .I 32 
10% .226 .347 .428 .338 .120 

. 2% .367 .709 .go1 .755 .237 
5% .321 .544 .697 .595 .203 
7% .310 .496 .63 1 -536 .188 
10% .300 .451 .568 . .475 .171 

2% .477 .874 1.131 1.019 .332 
5% .417 .675 .877 .803 .284 
7% .402 .617 .795 .723 .263 
10% .390 .564 .717 .641 .239 

I .  
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TABLE3-5 

VALUES OF Ir?r AND h FOR PSV(10,Hz) AND PSV(1 Hz) 

I 

Approx. 
Rp, yrs 

1,800 . 5.5 I 27 

21,000 5.6 1 27 

142,000 

3,600 

11,000 I 5.8 1 27 

78,000 I 6.0' 1 27- 
I 1 
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A. Seismic Source I 
(Earthquake locations In space lead 
lo a dlslrlbullon of eplcenlral 
distances IR (rim) 

B. Magrillude dislrlbullon and rale of 
occurrence ior Source I: 

Slle 
e 

Distance r 

Fault I 

Magnllude m 

m = 6  
C. Ground motion esllmallon: 

level 
(log scale) G~~ m. r (a') 

r 
Dlstance 

.' (log scale) 

0. Probablllly analysis: 

Ground Mollon Level ad 
L '  (log rcale) 

Figure 2- 1. Seismic hazard computational model 
(modified from McGuire and Arabasz, 1990). 
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Figure 2-2. Historical seismicity and area sources used to represent seismicity in Colorado. 
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RMA/DERBY SOURCE 

OLDEN-BOULDER 

5 Km 

FAULTS NEAR ROCKY FLATS 

Figure 2-3. Potential active faults in the vicinity of Rocky Flats included in the project. 
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Figure 2-4. Comparison of PGA estimates on rock vs distance for M = 6.5, 
using the seven attenuation equations derived in this project. 
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ROCK ATTENUATION EQUATIONS 

I I I a , , , ,  

100 10' 102 103 

Closest Distance to Fault (km) 

Figure Comparison of PSV( 1 Hz) estimates on rock vs distance for M = 6.5, 
using the seven attenuation equations derived in  this project. 
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Figure 2-6. Soil amplification factors vs frequency from empirical and analytical methods. 
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Peak Ground Acceleration (g) 

Figure 3- 1. Total hazard curves, PGA on rock. 
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Figure 3-2. Total hazard curves, PSV(25 Hz) on rock. 
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TOTAL HAZARD, ROCK, PSV 10 Hz 
I ' . I  

- -  - .85 Fractile 
Mean 

- Median - . -  

10 Hz Pseudo-Velocity ( c d s )  

Figure 3-3. Total hazard curves, PSV( 10 Hz) on rock. 
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Figure 3-4. Total hazard curves, PSV(5 Hz) on rock. 
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Figure 3-5. Total hazard curves, PSV(2.5 Hz) on rock. 
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TOTAL HAZARD, ROCK, PSV 1 Hz 
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1 Hz Pseudo-Velocity ( c d s )  

Figure 3-6. Total hazard curves, PSV( 1 Hz) on rock. 
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Figure 3-7. Contribution to rock PGA hazard by seismic source. 
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Figure 3-8. Contribution to rock PSV( 1 Hz) hazard by seismic source., 
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SENSITIVITY TO 1882 EARTHQUAKE, ROCK 

3 .18 With 1882 
.82 Without 1882 - - - - -  

Peak Ground Acceleration (g) 

Figure 3-9. Sensitivity to 1882 earthquake, PGA on rock. 
(The weight of each hypothesis is indicated in the legend.) 
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1 Hz Pseudo-Velocity ( c d s )  

Figure 3- 10. Sensitivity to 1882 earthquake, PSV( 1 Hz) on rock. 
(The weight of each hypothesis is indicated in the legend.) 
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ML CONVERSION SENSITIVITY, ROCK 
Source I 

I . . . I  I 

10-2 2 lo-' 2 1 

Peak Ground Acceleration .(g) 

Figure 3- 1 1. Sensitivity to M, conversion, PGA on rock. 
(The weight of each hypothesis is indicated in the legend.) 
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Figure 3-12. Sensitivity to M, conversion, PSV(1 Hz) on rock. 
(The weight of each hypothesis is indicated in the legend.) 
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.167 upper rate: 
-.666 mean rate - 
a.167 lower rate - 

. - - -  
- . -  

RATE SENSITIVITY, ROCK 

r? 

rcc --! 
0 

Figure 3-13. Sensitivity to seismicity rate, PGA on rock. 
(The weight of each hypothesis is indicated in the legend.) 
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RATE SENSITIVITY, ROCK 
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1 Hz Pseudo-Velocity ( c d s )  

Figure 3-14. Sensitivity to seismicity rate, PSV(1 Hz) on rock. 
(The weight of each hypothesis is indicated in the legend.) 
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Figure 3-15. Sensitivity to RMADerby source slip rate, PGA on rock. 
(The weight of each hypothesis is indicated in the legend.) 
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SLIP RATE SENSITIVITY, ROCK 
/ , R,MA/Derby Source, 

i 
.3 SR = .06 
.7 SR = .002 . - - - -  

I 

1 Hz Pseudo-Velocity (cds)  

Figure 3-16. Sensitivity to RMA/Derby source slip rate, PSV (1 Hz) on rock. 
(The weight of each hypothesis is indicated in the legend.) 
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Figure 3-17. Sensitivity to Golden-Boulder slip rate, PGA on rock. 
(The weight of each hypothesis is indicated in the legend.) 
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Figure 3- 18. Sensitivity to Golden-Boulder slip rate, PSV( 1 Hz) on rock. 
(The weight of each hypothesis is indicated in the legend.) . 
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Figure 3-19. Sensitivity to 6-value, PGA on rock. 
(The weight of each hypothesis is indicated in the legend.) 
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Figure 3-20. Sensitivity to 6-value, PSV( 1 Hz) on rock. 
(The weight of each hypothesis is indicated in the legend.) 

EGGRF/REPORT/FINALTXT.RFP 61 Risk Engineering, Inc. 



9217-COO-204, Rev. 0 

H -  

c;J 

ru 
0 

I 

.2 Mmax = 5.5 
-.5 M- = 6.0 - 
0.2 Mmx = 6.5 - 

M- = 6.75 - 

. - - 
- . -  
- -  

\ 

Peak Ground Acceleration (e;) 

, Figure 3-21. Sensitivity to M.-, RMADerby source, PGA on rock. 
(The weight of each hypothesis is indicated in the legend.) 
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Figure 3-22. Sensitivity to M-, RMADerby source, PSV(1 Hz) on rock. 
(The weight of each hypothesis is indicated in the legend.) 
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Peak Ground Acceleration (g) 

Figure 3-23. Sensitivity to Ku, Golden-Boulder fault, PGA on rock. 
(The weight of each hypothesis is indicated in the legend.) 

Risk E ngin eering, Inc. 
~~ ~~ 



9217-COO-204, Rev. 0 
. >  

sc 

% :  

rcc 
0 

' I . '  - 
.24 15 km Depth, M- = 6.95 

- . - - - -  .40 15 km Depth, Ma = 7.15 
- . - .  .16 15 km Depth, M- = 7.35 
- - -  .06 25 km Depth, M- = 7.15 
-- .10 25 km Depth, M,, = 7.45 

I - . . -.04 25 km Depth, M,, = 7.55 
- 

1 Hz Pseudo-Velocity ( c d s )  

Figure 3-24. Sensitivity to Golden-Boulder fault, PSV( 1 Hz) on rock. 
(The weight of each hypothesis is indicated in the legend.) 
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Figure 3-25. Sensitivity to RMA/Derby source representation, PGA on rock. 
(The weight of each hypothesis is indicated in the legend.) 

) 

U 

EGGRF/REPORT/FINALTXT.RFP 66 Risk Engineering, Inc. 



t. a 
ru 
0 

9217-COO-204. Rev. 0 

SENSITIVITY TO REPRESENTATION, ROCK 

1 Hz Pseudo-Velocity (cds)  

Figure 3-26. Sensitivity to RMA/Derby source representation, PSV (1 Hz) on rock. 
(The weight of each hypothesis is indicated in the legend.) 
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SENSITIVITY TO REGION, ,ROCK 

Peak Ground Acceleration (g) 

Figure 3-27. Sensitivity to R W e r b y  source seismicity region, PGA on rock. 
(The weight of each hypothesis is indicated in the legend.) 
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SENSITIVITY TO REGION, ROCK 
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0 

1 Hz Pseudo-Velocity ( c d s )  

@ Figure 3-28. Sensitivity to RMADerby source seismicity region, PSV( 1 Hz) on rock. 
(The weight of each hypothesis is indicated in the legend.) ( <.. 
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Figure 3-29. Sensitivity to RMA/Derby source geometry, PGA on rock. 
(The weight of each hypothesis is indicated in the legend.) 
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SENSITIVITY TO GEOMETRY, ROCK 

Figure 3-30. Sensitivity to RMA/Derby source geometry, PSV( 1 Hz) on rock. 
(The weight of each hypothesis is indicated in the legend.) 
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ATTENUATION SENSITIVITY, ROCK 
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Peak Ground Acceleration (g)  

Figure 3-3 1 .  Sensitivity to attenuation, PGA on rock. ~ 

(The weight of each hypothesis is indicated in the legend.) 
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Figure 3-32. Sensitivity to attenuation, PSV( 1 Hz) on rock. 
(The weight of each hypothesis is indicated in the legend.) 
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HISTORICAL vs SEISMIC HAZARD ANALYSIS 

Peak Ground Acceleration (g) 

Figure 3-33. Comparison of historical vs. seismic hazard results for PGA on rock. 
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HISTORICAL vs SEISMIC HAZARD ANALYSIS 

10 Hz Pseudo-Velocity ( c d s )  

Figure 3-34. Comparison of historical vs. seismic hazard results for PSV( 10 Hz) on rock. 
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Figure 3-35. Comparison of historical and seismic hazard results for PSV(1 Hz) on rock. 
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Figure 3-36. Uniform hazard spectra for 2x103 annual probability on rock. 
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\. Figure 3-37. PSA vs period for 2x103 annual probability on rock. 
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Figure 3-38. Uniform hazard spectra for l o 3  annual probability on rock. 
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Figure 3-39. PSA vs period for l o 3  annual probability on rock. 
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UNIFORM HAZARD SPECTRA, ROCK 
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Figure 3-40. Uniform hazard spectra for 4x104 annual probability on rock. 
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Figure 3-41. PSA vs period for 4x104 annual probability on rock. 
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Figure 3-42. Uniform hazard spectra for 2x104 annual probability on rock. 

ff iGRF/REPORT/FTNA.RFP 83 Risk Engineering, In c. 



9217-COO-204, Rev. 0 

UNIFORM HAZARD SPECTRA, ROCK 
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Figure 3-43. PSA vs period for 2x IO4 annual probability on rock. 
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Figure 3-44. Uniform hazard spectra for lo4 annual probability on rock. 
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Figure 3-45. PSA vs period for lo4 annual probability on rock. 
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Figure 3-46. Mean uniform hazard spectra on rock. 
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Figure 3-47. Mean spectra on rock plotted as PSA vs period. 
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Figure 3-48. Total hazard curves, PGA on soil. 
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Figure 3-49. Total hazard curves, PSV(25 Hz) on soil. 
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Figure 3-50. Total hazard curves, PSV( 10 Hz) on soil. 
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Figure 3-5 1. Total hazard curves, PSV(5 Hz) on soil. 
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Figure 3-52. Total hazard curves, PSV(2.5 Hz) on soil. 
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Figure 3-53. Total hazard curves, PSV( 1 Hz) on soil. 
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Figure 3-54. Uniform hazard spectra for 2x103 annual probability on soil. 
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Figure 3-55. PSA vs period for 2xlO3 annual probability on,soil. 

96 Risk E ng in eering, In c. 



( - -  

9217-COO-204, Rev. 0 

UNIFORM HAZARD SPECTRA, SOIL 

, 

100 2 10’ 2 

. 
Frequency (Hz) 

Damping 
Factor 

2% ..-... 

5% 

7% -.-. 

10% - - - -  

Figure 3-56. Uniform hazard spectra for l o 3  annual probability on soil. 
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Figure 3 3 7 .  PSA vs period for l o 3  annual probability on soil. 
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Figure 3-58. Uniform hazard spectra for 4x104 annual probability on soil. 
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Figure 3-59. PSA vs period for 4x 1 O4 annual probability on soil. 
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Figure 3-60. Uniform hazard spectra for 2x104 annual probability on soil. 
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Figure 3-61. PSA vs period for 2x104 annual probability on soil. 
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Figure 3-62. Uniform hazard spectra for IO4 annual probability on soil. 
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Figure 3-63. PSA vs period for lo4 annual probability on.soi1. 
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Figure 3-64. Mean uniform hazard spectra on soil. 

J33GRF/REPORT/FlNALTXT.RFP 105 Risk Engineering, Inc. 



9217-COO-204, Rev. 0 

MEAN UNIFORM HAZARD SPECTRA, SOIL 
1.3 

la21 1.1 

1.01 

Probabilities 
10-4 

. - - - 2x10-4 

10-3 
2x1.0-3 

. - 4x10" 
- -  
- -  

Period (s) 

Figure 3-65. Mean spectra on soil plotted as PSA vs period. 
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Figure 3-68. 5% damped spectra for M = 5.9, R = 27 km on rock. I 
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705 W.C. Browning Bldg. 
University of Utah 
Salt Lake City, UT 841 12-1 183 
September 2 1 , 1994 

Dr. Robin K. McGuire 
Risk Engineering, Inc. ' 

4155 Darley Avenue, Suite A 
Boulder, Colorado 80303 

Re: Report on Seismic Hazard Analysis f o r  Rocky Flats Plant 

Dear Robin: 

In response to your request, this letter is to confirm in writing that I performed 
multiple reviews of Appendix D, "Historical Seismicity Studies", of the subject report. 
I provided you with detailed, written review comments on September 5, 1993, on May 
13, 1994, and, most recently, on July 15, 1994-for a late-stage revised version of the 
draft report given to me to review. The latter review included a review not only of 
Appendix D but also the whole main body of the report. 

Based on a revised version I have in hand of the full report dated July 27, 1994, I 
can confirm that all of my review comments have been satisfactorily addressed and 
resolved. I endorse the analyses and conclusions of Appendix D on "Historical 
Seismicity Studies" without any residual reservations. I also endorse the main body of 
the report with my resolved comments, insofar as my area of expertise in seismicity 
and seismotectonics allows meaningful endorsement. 

If any further feedback is needed regarding my reviews, please contact or refer 
any concerned party to me. 

, 

Sincerely , 

Walter J. Arabasz, Ph.D.v 
tel. (801) 581-6274 
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DR. 

P L E A S E  R E M I T  TO 

110 Coquito Way 
Portola Valley, CA 94028 P. 0. Box 9260 

Stanford, CA 94305 September 1 4 ,  1 9 9 4  PhoneIFax: (415) 854-8053 

Dr. R. K. McGuire 
RISK ENGINEERING INC. 
4155 Darley Avenue, Ste. A 
Boulder, Colorado 80303 

Sub] ect : Rocky Flats 
Seismic Hazard Analysis 

Dear Dr. McGuire: 
I 

This letter will confirm that I have reviewed in detail: (1) 
the main body of the Rocky Flats Seismic Hazard Analysis report and 
(2) Appendices D and J, related to statistical analysis of the 
seismicity data and "deterministictt ground motions. I have been 
given sufficient time and resources to review them in depth. 

I have sent my detailed comments on drafts of these documents 
to you. We have discussed those comments to clarify them. You 
have responded by properly and effectively investigating any issues 
I raised and by incorporating your responses in the final versions. 
I am fully satisfied that you have responded well to all my 
substantive comments. 

a 
I endorse the final versions of these three documents. 

Congratulations, it's a well done job. 

y&a 

C. Allin Cornel1 

CAC : bb 
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APPENDIX A .a 
DETAILED SEISMIC SOURCE CHARACTERIZATION 

Geomatrix Consultants, Inc. 
San Francisco, California 

INTRODUCTION 

The purpose of the Seismic Source Characterization activities is to characterize the earthquake 
sources of potential si&icance to the Rocky Flats Plant (RFP). The products of this effort include 
maps of seismic sources, maximum earthquake magnitudes, and earthquake recurrence rates for each 
source. These products are used in the seismic hazard analysis to assess ground motions at the site. 
This Appendix documents these activities. 

The source characterization documented in this Appendix captures a full range of credible parameter 
values, based on available data and information. Data sources are principally the professional 
literature, project reports, and interim reports for ongoing RFP projects. Limited new field data 
gathered as part of this study were also used in making source interpretations. The credibility of 
alternative models and parameters isevaluated based on their degree of support in the available data. 
The inte6retations of the data and the assessments of the credibility of alternative parameter values 
were made by the source characterization contractor, Geomatrix Consultants Inc. The technical 
basis for the parameter values and their relative credibilities are documented in this Appendix. 

The ground motions evaluations for RFP will have both deterministic and probabilistic components. 
From the standpoint of source characterization, the characteristics required for the deterministic 
assessment (maximum credible earthquakes and closest distance to the site) are a subset of the 
characteristics required for the probabilistic assessment. Therefore, the following discussion will 
focus on the elements required for the probabilistic hazard analysis. It should be noted that all 
references to magnitude in this report shall be "moment magnitude" (Hanks and Kanamori, 1979) 
unless otherwise specified. 

0 
(\ 

The report begins with a discussion of the elements of seismic source characterization followed by 
a source-by-source discussion. .Appendix B presents tectonic geomorphic analyses conducted to 
assess activity of potential seismic sources. Appendix C presents a reevaluation of the location and 
magnitude of the 1882 Colorado earthquake. 

SEISMIC SOURCE CHARACTERISTICS 

The basic elements of probabilistic seismic hazard analysis are seismic source characterization, 0 ground motion attenuation,'and probabilistic hazard calculations (see Reiter, 1991, for discussion). 
t The principal components of seismic source characterization include definition of source locations, 

maximum earthquake magnitudes, and earthquake recurrence rates (see Coppersmith, 1991, for 
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discussion of these components and methodologies for their assessment). State-of-the-art seismic 
hazard analyses include the full range of possible interpretations and parameter values for 
characterizing sources and explicitly quantify and include uncertainties (e.g., see National Research 
Council, 1988, for methodologies). Experience with seismic hazard analyses has shown that the 
seismic sources that lie within about 25 lan of the site of interest usually control probabilistic ground 
motions and, typically, earthquake recurrence rates for these nearby sources are the most significant 
characteristic to site hazard. As in the case of the RFP, nearby faults are often important 
contributors to hazard and, because the historical record of observation is usually too short to 
establish earthquake recurrence rates, geologic data (e.& slip rates) commonly provide the primary 
basis for recurrence estimates. Based on these common observations, the RFP seismic hazard study 
has focused specifically on these technical issues in characterizing seismic sources. 

The uncertainty in modeling natural phenomena is incorporated into the hazard analysis through the 
use of the logic tree methodology. The logic tree formulation for seismic hazard analysis (Kulkarni 
and others, 1984; Youngs and others, 1985,1987,1988; Coppersmith and Youngs, 1986; National 
Research Council, 1988) involves specifying discrete alternative hypotheses or parameter values, 
expressed as the branches at each node of the logic tree. The relative likelihood that each discrete 
alternative is the correct value or state of the input parameter is expressed as a probability ranging 
from 0 to 1. The probabilities are based typically on professional judgment, but may be specified 
by an objective statistical analysis if the available data allow such an assessment. The components 
of the seismic source characterization logic trees are given below. 

Figure A-1 displays the general logic tree representing the key components of the seismic source 
characterization analysis. The logic tree consists of nodes and branches. Each node is a particular 
component of the analysis; branches are alternative models or parameter values of each component. 
For example, the maximum magnitude node is associated with alternative magnitude values 
displayed on the branches. Each branch is assigned a probability or relative weight that expresses 
the degree of credibility that the value has, given the available data. The sum of the probabilities 
at each branch is unity. For each seismic source, such trees are developed and the technical basis 
for both the values on the branches and their probabilities.are documented in this report. The 
general components of the seismic source logic tree shown in Figure A- 1 are discussed below. 

Uncertainties in Seismic Source Characterization for RFP 

The uncertainties associated with characterizing seismic sources for the RFP are comparable to those 
associated with other site-specific seismic hazard analyses. An explicit goal in this seismic hazard 
analysis has been to identify and incorporate a full range of interpretations. To do so a variety of 
methods have been used to identify the diversity of interpretations that exist regarding seismic 
sources of importance to the site. These methods include: review of published literature; review 
and compilation of available reports conducted for engineering analysis; review of available data 
gathered for the RFP; interviews with researchers at federal, state, and academic institutions; 
reconnaissance review of key field localities cited in available reports; new analyses of intensity data 
for the 1882 earthquake; and limited gathering of topographic field data. The entire range of 
interpretations regarding the seismic sources of importance to the site have been included in the 
analysis and no interpretations have been eliminated. These interpretations are discussed in detail 
in terms of the elements of source characterization for each seismic source. The advantage of the 
logic tree approach is that individual hypotheses, models, and parameters are identified explicitly 
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/ 

and the basis for assessments of their relative credibility are given in the text. In conclusion, it  is @ believed that the treatment of uncertainties in the seismic source characterization is an adequate and 
proper representation of the range and diversity of interpretations regarding earthquake sources of 
importance to the seismic hazard at RFP. 

( 

Seismic Sources 

Individual logic trees are developed for each seismic source of potential significance to ground 
motions at the RFP. Two types of seismic sources are considered: fault sources and areal sources. 
The methods used in this study to characterize the seismic sources are state-of-the-art and provide 
for the inclusion of geologic information on fault behavior (e.g., Coppersmith, 1991). The fault 
sources in the RFP region, with the exception of the R W e r b y  source associated with the Rocky 
Mountain Arsenal, have not been associated with significant levels of seismicity during the historical 
and instrumental period. Therefore, much of their characterization relies on geologic and 
geomorphic data sets. The areal sources are of two types: a local source defining the boundaries of 
a subsurface fault system, and regional source zones that are "background" zones. Following 
standard practice, the location of earthquakes within the areal sources is assumed to be randomly 
distributed. 

Seismogenic Potential 

A key uncertainty in the RFP region is the assessment of whether or not individual faults are 
seismogenic. "Seismogenic" in this context is defined as capable of generating moderate-to-large @ earthquakes (M>5). Uncertainty in this assessment, which is specific to each seismic source, is 

( represented by the relative probabilities on the yes and no branches. In the hazard analysis, the 
"yes" branch means that the fault will be treated as a source that localizes seismicity; the "no" branch 
means that the fault will not localize seismicity. In all cases, the large regional sources are assumed 
to be seismogenic with a probability of 1.0. The probability that any given fault is seismogenic 
varies as a function of evidence for its activity. 

Because of the importance of this component of the analysis to the hazard assessment, it is useful 
to make explicit the technical criteria that are used to assess whether or not a fault is seismogenic, 
and to define the relative value that each criterion has in making the evaluation. The criteria and 
their relative weights (on a scale of 1 to 10) are summarized in the table and discussed below: 

, 
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SETSMOGENIC CRITERION 

Spatially associated with large-magnitude 
(M>5) earthquakes 

Spatially associated with small-magnitude 
( M 4 )  earthquakes 

Quaternary) slip 
Displays geologic evidence for recent (late- 

Structurally associated with another 
seismogenic fault 

Extends downdip through seismogenic crust 

Favorably oriented relative to stress/ tectonic 
analogy 

Sum of weights 

The criteria above are the types of information that would indicate whether or not a fault is 
seismogenic (i.e., capable of generating M>5 earthquakes in the future). Note that most of these 
criteria are those that have been recognized as diagnostic of "activity" or "capability" in various 
regulations. These criteria are best suited for potential sources with unclear evidence of activity, 
but should not be used if certain evidence is well-documented. For example, if a fault has been 
def5nitely associated with a large-magnitude historical earthquake or shows unequivocal evidence 
of repeated late-Quaternary displacements then that fault would be considered to be seismogenic 
with a probability of 1.0. If, however, uncertainties relative to the above criteria exist for a 
particular fault, then they can be used to evaluate the fault's probability of being seismogenic. 

The relative weight assigned to each criterion expresses the degree to which that criterion is 
diagnostic of a fault being seismogenic. Of course, it is recognizd that any given fault will display 
some or all of these characteristics to varying degrees. The criteria and weights are the professional 
judgments of the project team and are discussed further below. 

RELATIVE WEIGHTS,W (1-10) 

7 

6 

9 

5 

2 

1 

30 

The first criterion is the spatial association of a fault with one or more moderate-to-large 
earthquakes that have occurred historically. Typically, the historical record is short relative to the 
recurrence intervals of larger earthquakes, such that the occurrence of only a single such event 
historically is not uncommon. For the same reason, the absence of large earthquakes historically 
is also not uncommon, thus diminishing the value of this criterion. It is often difficult to associate 
older historical events with particular faults because of uncertainties in epicenter locations, and 
sometimes even instrumentally-located events are not easily associated with mapped faults. This 
criterion is given a moderately high value in assessing activity, but is less than geologic criteria on 
recency of faulting. This is because the geologic record spans a much longer period of time. 

The second criterion is the spatial association of a fault with small-magnitude earthquakes only 
(Me5 earthquakes) in the historical record. It is common for seismogenic faults to be associated 
with small-magnitude earthquakes, but the association of a fault with such events does not 
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necessarily indicate that the fault can also generate larger events. For this reason, the criterion is 
given a moderately high rating but less than geologic or historical evidence for large-magnitude 
occurrence. ! 

The third criterion is evidence for geologically young displacement (generally late Quaternary). The 
advantage of the geologic record is that it spans a longer time period than the historical record. 
Further, because the geologic record captures the larger earthquakes that rupture the surface, they 
were likely M% events (e.g., Wells and Coppersmith, 1994). Uncertknties in using this criterion 
come from uncertainties in dating the age of slip and recognizing coseismic displacements. The 
criterion is given a high rating in assessing seismogenic potential. 

A fourth criterion is the structural association of a fault with another fault that is known to be 
seismogenic. Such an association may be by a mechanical linkage, such as a branching or en 
echelon pattern between two fault zone, or direct tectonic linkage, such as faults bounding either 
side of an actively uplifting crustal block. Application of this criterion can be difficult, however, 
such as when two faults are not in proximity but part of the same tectonic regime, or when the 
structural relationships are poorly understood. For this reason, the criterion is given .moderate 
weight. 

Because of the rupture dimensions associated with moderate-to-large earthquakes, seismogenic 
faults extend throughout the seismogenic crust. The fifth criterion expresses the degree to which 
a knowledge of the downdip crustal extent of a fault provides an indication of whether or not it is 
seismogenic. The relatively low rating assigned to this criterion reflects the judgment that crustal 
extent is a necessary but not sufficient condition for assessing seismogenic potential. This 
conclusion is supported in many geologic environments, such as much of the eastern U.S., where 
abundant large, crustal faults exist but few are believed to be seismogenic. 

The final criterion incorporates two concepts: the favorable orientation of a fault relative to the 
contemporary tectonic stress regime, and analogy to other tectonic environments. By definition, 
seismogenic faults are favorably oriented relative to tectonic stresses, because earthquakes are a 
manifestation of the release of tectonic stresses. But in the absence of other evidence, determination 
of how "favorably" a fault is oriented involves a good knowledge of the three-dimensional geometjl 
of the fault4 orientations of principle stress directions, and rheologic properties (aback,  1992). 
Without this information, it is often possible to identify only grossly unfavorably oriented faults. 
Again, this criterion appears to be a necessary component, but is not sufficient alone for assessing 
seismogenic potential. The second part of this criterion allows for drawing analogies between the 
tectonic environment of the fault in question and other tectonic environments. For example, the 
seismogenic potential of a fault associated with an intracontinental rift system may be assessed by 
comparing it to another fault of known seismogenic potential within an analogous rift system. 
Because of the large uncertainties in drawing such analogies and their implications to earthquake 
potential, as well as the difficulties in applying the orientation relative to stress method, this criterion 
is assigned a relatively low weight. 

As part of the seismic source.characterization for this study, each of the criteria above have been 
evaluated for each of the potential fault sources. The fault-specific assessment evaluates the degree 
to which each criterion characterizes that particular fault (e.g., whether or not it has been associated 
with M>5 earthquakes or shows evidence of geologically-recent slip). These assessments are then 

EGGRF/REWRT/APPENDtX.A7 A-5 A 



9217-COO-204, Rev. 0 

0 multiplied by the relative weight or value of each criterion, the products then are summed, and 

seisrnogenic. By disaggregating the assessment this way into its component parts, the technical basis 
for the assessment is made clear. It should be noted that, although the assessment is made more 
explicit by dissecting it into its component parts, the assessment of the probability of the fault being 
seismogenic is still one that includes professional judgment. That judgment is reflected in the . 
relative weights assigned above to each criterion and in the probabilities assigned for each fault 
source. The technical basis for the assessments is given for each fault in this report. The other 
elements of the source logic tree are discussed first (Figure A-1). 

divided by the sum of the criterion weights (30) to arrive at a probability that the fault is ( 

~ 

Sense of Slip 

The sense of slip on faults that comprise the fault sources in the seismic hazard analysis for the 
Rocky Flats Plant are classified into three categories: normal, reverse, and strike slip. The sense 
of slip is estimated based on one or more of the following data: 1)  direct geologic observation of 
fault surfaces in rock outcrop, 2) indirect observations of stratigraphic relationships, 3) stratigraphic 
relationships determined from subsurface well data, 4) observations of seismic reflection data, 5 )  
slip directions inferred from focal mechanisms of local earthquakes and, 6) orientation of the 
structures with respect to the regional stress direction. 

The tectonic setting, including stress conditions, are different today than when many of the faults 
fmt were formed toward the end of the Laramide orogeny in the late Cretaceous-early Paleocene. 
Therefore, due to the very large disconformity (approximately 65 million years) between the late 
Cretaceous bedrock (Fox Hills, Laramie, Arapahoe Fms.) and the overlying late Pliocene-early 
Pleistocene Rocky Flats alluvium at the plant site, determination of the recent sense of slip on faults 
using geologic observations within bedrock are not as reliable as observations within the Rocky 
Flats alluvium. Sense of slip determined using criteria that are related to the modem stress field (i.e. 
stress data, earthquake focal mechanisms) are considered more reliable. 

( 

. .  Source Geometry 

The source geometry component of the source logic tree (Figure A-1) expresses the three- 
dimensional configuration of the source. Faults are modeled as planar features described by their 
mapped location at the surface, dip, total length, and downdip width. Uncertainties in all of these 
parameters are included in the assessment on a source-by-source basis (for example, see the logic 
tree for the Walnut Creek fault in Figure A-6). The geometry of areal source zones is given by their 
mapped boundaries and it is assumed that the spatial distribution of seismicity is uniform within a 
zone. 

Maximum Magnitude 

Each seismic source is associated with a maximum magnitude estimate. For the probabilistic 
assessment, the maximum magnitude assessment will result in a distribution of values that reflects 
the uncertainties in the data and methods for assessing maximum magnitudes. For the deterministic 
assessment, a single maximum credible earthquake (ME) is selected. 0 'i. 
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Maximum magnitudes are assessed for fault sources based on a consideration of the possible lengths 
of rupture and associated rupture areas (Coppersmith, 1991). If such data exist, estimates of 
displacement per event from geologic studies also provide a basis for maximum magnitudes. The 
empirical relationships between moment magnitude and rupture length, rupture area, and 
displacement per event given in Wells and Coppersmith (1994) are used for the magnitude 
estimates. 

For areal source zones, the maximum magnitude is estimated based on a consideration of the largest 
historical earthquake, as well as consideration of the largest earthquakes that can occur within the 
source without leaving a clear geologic signature (e.g., surface rupture or recognizable Quaternary 
deformation). 

Slip Rate/Recurrence Rate 

Activity rates or recurrence rates are defined for each source using either fault slip rate information 
or observed seismicity data. Recurrence rates for fault sources are assessed basd  on the slip rate 
estimated for the fault (see Youngs and Coppersmith, 1985; Coppersmith, 1991, for discussion of 
approach). A fault's slip rate is assumed to represent the average rate of seismic energy release 
along the fault and the product of the slip rate, total fault area, and shear modulus defines the 
seismic moment rate along the fault (e.g., Anderson, 1979). This moment rate is then partitioned 
into earthquakes of various size according to two magnitude distribution models: the characteristic 
earthquake model (Youngs and Coppersmith, 1985) and the exponential model (Anderson, 1979). 
Youngs and Coppersmith (1985) and Youngs and others (1993) have shown that the characteristic 
earthquake model is more appropriate for fault sources and areal source zones are typically modeled 
using the exponential recurrence model. 

Recurrence rates for regional areal source zones are developed fiom the historical and instrumental 
catalog of events falling within the source zone boundaries. 

FAULT SOURCE CHARACTERISTICS 

In this section of the Appendix the characteristics of the seismic sources are given and the technical 
basis for them is described. The following discussion focuses on the potential seismic sources that 
are closest to the RFP. In particular, fault sources include the Walnut Creek, Rock Creek, and 
Valmont faults, and Golden-Boulder reaches of the Front Range fault system. Because of their 
proximity to the RFP, the source characterization effort for Task 7 has focused on these potential 
sources. The documentation below also reflects this prioritization, with more discussion accorded 
those sources of potentially greatest significance to the site hazard. 

Walnut Creek Fault 

P 

The Walnut Creek fault (Figure A-2) is a previously unidentified possible Quaternary fault that lies 
adjacent to the FWP (Figure A-3) and is described in the RFP Site Characterization Report (EG&G, 
1992; Figure A-4). The fault was first identified from observations made at surface outcrops and 
was later confirmed with subsurface data. The fault is marked by an apparent down-on-the east 
vertical discontinuity or "step" of over 100 feet of a conglomeratic sandstone marker bed at the base 
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CRITERION PROBABILITY, P P X W  

Association with M>5 seismicity 0.01 0.07 

Association with Mc5 seismicity 0.1 ' 0.6 

Geologically recent slip 0.6 5.4 

Structural association 0.3 1.5 

Crustal extent 0.4 0.8 

Favorable to stress/tectonic analogue 0.2 0.2 - 

of the Cretaceous Arapahoe Formation, near the Arapahoe-Laramie Formation contact. The 
borehole data suggest a vertical drop of over 100 feet over a horizontal distance of less than lo00 
feet (EG&G, 1992). The boreholes used to identify the 100 foot "step" are shown in Figure A-5. 
Shallow boreholes and high resolution seismic reflection data have also indicated a vertical step in 
the contact between the Arapahoe Formation and overlying Quaternary Rocky Flats Alluvium of 
up to about 30 feet (9 meters) (EG&G, 1991a). Within the resolution of the available data, the step 
at the base of the Rocky Flats Alluvium appears to coincide with the step at the base of the Arapahoe 
Formation. The dismbution of depths to bedrock from borehole data defines the approximate 
location of the Walnut Creek fault immediately east of'the RFP (Figure A-5). 

' 

Three alternative explanations are given in the Site Characterization Report to explain the 100 foot 
vertical discontinuity at the base of the Arapahoe Formation (EG&G, 1992): folding, a stratigraphic 
discontinuity (leading to improperly correlating a sandstone marker in the boreholes), and faulting. 
Resolution of the issue is left open, although problems are discussed with the folding and 
stratigraphic explanations. Further, it is noted that the 100 foot step appears to coincide with the 
bedrock-alluvium step, and deep seismic reflection data as well as surface mapping are noted as 
showing evidence for faulting in the area east of RFP (EG&G, 1992). 

Seismogenic Potential. The logic tree for the Walnut Creek fault is given in Figure A-6. The first 
assessment is whether or not the Walnut Creek fault is seismogenic. To make this assessment, the 
criteria discussed earlier are considered and are tabulated below. 

The only historical M>5 earthquake in the region that could have occurred on the Walnut Creek 
fault is the 1882 Colorado earthquake. Although there is uncertainty in its location (Appendix C), 
it appears that all interpretations would place it at least 100 km north and west of the Walnut Creek 
fault. Therefore, a very low probability (0.01) is assigned to this criteria. 

Small-magnitude seismicity is sparse east of the range-front ,at the latitude of the RFP, with the 
exception of the seismicity associated with the Rocky Mountain Arsenal and scattered seismicity 
(see Appendix D). We therefore assign a low probability (0.1) to the Walnut Creek fault being 
associated with small-magnitude seismicity. 
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The assessment of the recency of slip of the Walnut Creek fault is difficult because much of the ,@ inferred trace is covered by undifferentiated late Quaternary-Holocene surficial deposits (Figure A- 

displace the base of the Cretaceous Arapahoe Formation about 100 feet. However, EG&G (1992) 
suggest that on the basis of available seismic data the Laramie-Fox Hills contact, which is 
downsection from the Arapahoe-Laramie contact, is not vertically displaced. The resolution of the 
data supporting this interpretation is not discussed. They conclude that if the Walnut Creek fault 
exists at the base of the Arapahoe Formation, it must become listric (Le., decrease in dip with depth) 
within the Laramie to avoid displacing the Fox Hills contact. Shallow boreholes indicating the 
depth to the contact between the bedrock and Quaternary Rocky Flats alluvium show a distinct 
down-on-the-east "step" and strongly suggest that the faulting postdates this unconformable contact 
(Figure A-5). The age of this contact is uncertain but is probably close to that of the overlying 
Rocky Flats Alluvium. The age of the Rocky Flats Alluvium and its terrace surface are estimated 
to be from 900 ka (thousand years) to 1.9 Ma (million years) based on soils development, age 
constraints on the Verdos alluvium containing the Pearlette Type 0 ash, identification of the Bishop 
ash, and alteration of magnetite (Van Horn, 1972; Trimble, 1975; Scott, 1975; Van Horn, 1976; 
Trimble and Machette, 1979). . 

One plausible hypothesis that would account for the vertical "step" in the unconfoxmity at the base 
of the Rocky Flats Alluvium and yet not imply post-unconformity faulting is the following. A fault 
zone may have been present in Laramie Formation rocks; during erosion of the unconformity the 
fault zone may have served to localize erosion perhaps along a channel leading to a topographic 
scarp on the bedrock surface; subsequent deposition of the Rocky Flats Alluvium over this scarp 
would then have proceeded until the flat alluvial terrace surface was developed. The test for this 
hypothesis would be to determine whether or not faults within the bedrock actually displace the 

\ 4). The fault is identified from high resolution seismic reflection data and boreholes to vertically 

@ unconformity and the alluvium above the unconformity. 

To further constrain the estimates of recency of slip on the Walnut Creek fault, previous detailed 
geologic studies searching for evidence of Quaternary deformation were reviewed (i.e., Dames & 
Moore, 1981). At the time of the Dames & Moore studies, the Walnut Creek fault was not 
identified. However, as part of their "site vicinity investigations," Dames & Moore evaluated the 
potential southeastward projection of a fault mapped near Eggleston Reservoir into the area 
immediately east of RFP. As part of those studies three excavations were made that lie near the 
mapped position of the Walnut Creek fault (Figure A-7). A bulldozer cut (labeled SWC- 1 on Figure 
A-7) exposed rocks entirely within the Laramie Formation. Faults and deformation were observed 
that were tentatively interpreted to be due to syndepositional processes. A "slip plane" with a 
southwesterly trend was identified in SWC-1 that could not be ruled out as being tectonic. Two 
additional trenches were excavated to the southwest along the trend of the "slip plane" on top of the 
Rocky Flats alluvial surface, but no evidence for faulting was found in the bedrock and the bedrock- 
alluvium contact was not found to be faulted. Based on our current knowledge of the likely location 
of the Walnut Creek fault based on the location of the step in the bedrock-alluvium unconfonnity, 
it is likely that the two Dames & Moore trenches did not cross the Walnut Creek fault (Figure A-7). 

\ 

Because of the importanceof determining the seismogenic potential of the Walnut Creek fault due 
to its proximity to the site, additional geomorphic studies were carried out as part of this project. 
These studies are described in detail in Appendix B and pertinent conclusions are given here. The 
geomorphic studies consisted of development of surface profdes and drainage basin analysis. These 
techniques were used because they are capable of revealing subtle signs of tectonic deformation, 
both those due to surface faulting and those due to surface folding associated with blind faulting. 0 Longitudinal stream profiles and basin analysis show subtle suggestions of tectonic deformation 
associated with the Walnut Creek fault (Appendix B). ( 
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Review of aerial photographs shows a fairly distinct step in the bedrock-alluvium contact expressed 
in the topography east of the RFP (Figure A-8). Because of differences in the erodability of the 
Rocky Flats Alluvium and the Laramie Formation, the contact between the two units is identifiable 
in the geomorphology, and comparison of the position of the contact to the east and to the west of 
the point marked "A" in Figure A-7 shows a down-to-the-east step in the bedrock-alluvium contact. 
The Rocky Flats alluvial surface provides an extremely useful time horizon or "strain gauge" for 
assessing possible deformation across the Walnut Creek fault because it is sufficiently old to capture 
even low rates of vertical slip and, where it has not been eroded away or modified by cultural 
activities, it is remarkably planar. Longitudinal profiles of the surface based on existing topographic 
maps show no evidence of vertical displacement at the surface projection of the fault, within the 
resolution of the 20 foot (7 meter) contour interval. Detailed topographic profiles developed for this 
study using a Wild Total Station surveying instrument show no evidence of vertical displacement, 
within a resolution of about 1 to 2 meters (e.g., Figures A-9, A-10, and A-1 1). 

The general conclusion from the available data is that the Walnut Creek fault is present within 
Cretaceous rocks and probably displaces the contact between the Cretaceous Laramie Formation and 
Quaternary Rocky Flats Alluvium. Whether or not the fault has been active throughout the 
Quaternary is not clear. As will be discussed later, if the fault is presently active, its slip rate must 
be extremely low because the, total post-Rocky Flats Alluvium vertical strain is constrained to be 
less than 1 to 2 meters. On the basis of the available data, it is concluded that the probability that 
the Walnut Creek fault has undergone late Quaternary slip is assessed to be 0.6. 

The Walnut Creek fault appears to strike to the northeast based on the distribution of the abrupt 
change in thickness of the Rocky Flats Alluvium from boreholes (Figure A - 3 ,  the smke of faults 
seen in trench SWC-1 (Dames & Moore, 1981), and the distribution of bedrock deformation features 
(EG&G, 1992). As such, it may be one of a series of northeast-trending faults (Figure A-12) that 
have been mapped in the RFP area northward (e.g., Spencer, 1961, 1986; Weimer, 1973; Davis, 
1974; Colton, 1978; Kittleson, 1992). As will be discussed later, the Valmont fault, which shows 
evidence of Quaternary activity, is likely one element of this, northeast-trending zone. These faults 
were originally interpreted as lismc normal syndepositional faults within the upper Cretaceous 
section (Davis, 1974), but recent detailed stratigraphic analysis (Kittleson, 1992) indicates they are 
reverse faults, consistent with Laramide compression. This zone of faults is treated as a local areal 
source zone in this study (see below). The structural association of various elements of this zone 
with each other is not clear. For this assessment, the likelihood of a structural association of the 
Walnut Creek fault with seismogenic faults that may be included in the northeast-trending zone is 
assessed to be 0.3. This relatively low weight reflects the uncertainty in a direct mechanical linkage 
of the Walnut Creek fault with other faults of the zone, and the uncertainty that other faults are 
themselves seismogenic. 

The downdip crustal extent of the Walnut Creek fault is not well-constrained from available data. 
The absence of associated seismicity precludes the use of hypocenters to assess downdip extent. As 
noted in EG&G (1992), high resolution seismic reflection lines from Operating Unit 2 (EG&G, 
1991a) show apparently undeformed, gently southeast-dipping reflectors in the lower Laramie and 
Fox Hills sandstones. This may indicate that the Walnut Creek fault becomes listric and is a shallow 
structure floored within the Laramie Formation (EG&G, 1992). A deep seismic reflection profile 
through the site (Ebasco, 1991; Figure A-13) shows an undisturbed contact between the Fox Hills 
and underlying Pierre Formation, within the level of resolution of the data. Further, if the Walnut 
Creek fault were interpreted to represent an updip extension the faults observed within the Pierre 
Formation (Figure A-12), these faults do not appear to disrupt the contact with the Lower 
Cretaceous-Paleozoic section. The caveat in these interpretations from the deep seismic lines is that 
the level of resolution of these data is insufficient to preclude small amounts of displacement. 
Assuming reasonable velocities, the resolution of the Fox Hills-Pierre and Pierre-Lower Cretaceous 
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contact is about 100 meters on the deep seismic reflection profile. Thus, although there is no 
evidence for displacements downdip along the Walnut Creek fault, the displacements observed from 

the deep seismic data. On the basis of the available data, the likelihood that the Walnut Creek fault 
extends throughout the seismogenic crust is assessed to be 0.4. This assessment reflects the 
interpretation that the available data support the interpretation that the fault does not extend below 
the base of the Pierre Formation, but allow for a downdip extension that, because of a lack of high 
resolution, would continue to the base of the seismogenic crust. 

borehole data of the Arapahoe-Laramie contact (about 30 meters) likely would not be observed on - 

The state of crustal stress in the RFP region is not well known, due to an absence of seismicity. 
Current interpretations place the region in the Cordilleran extensional province ( e g ,  Zoback and 
Zoback, 1991) and the most local borehole breakout data (Dart, 1985) suggest maximum horizontal 
extension in the northeast quadrant. Wong (1986) and Zoback and Zoback (1991) note that the 
juxtaposition of strike slip and normal faulting focal mechanisms in this region suggest that the 
magnitude of the maximum and intermediate compressive stresses are probably about equal. The 
maximum compressive stress is likely vertical in the region and the intermediate compressive stress 
is in the northwest quadrant. This orientation is not particularly favorable for the Walnut Creek 
fault and the other northeast-trending structures. A possible tectonic analogue to the Walnut Creek 
fault is the Cheraw fault southeast of Colorado Springs. The Cheraw fault also has a northeast 
strike, displaces Rocky Flats alluvium up to 12 meters, and appears to show geomorphic evidence 
for late Quaternary displacement (Scott, 1970 Sharps, 1976; Kirkham and Rogers, 1981). 
Unfortunately, detailed field studies have not been conducted along the Cheraw fault such that its 
late Quaternary behavior is not well-understood. Consequently, drawing a tectonic analogy between 
the Walnut Creek fault and the Cheraw fault is difficult based on available data. On the basis of the 
available information, the likelihood that the Walnut Creek fault is favorably oriented relative to 
tectonic stresses or tectonically analogous to another seismogenic fault is assessed to 0.2. 

To arrive at the probability that the Walnut Creek fault is seismogenic, the probabilities associated 
with each criterion, P, are multiplied by the relative weight associated with each criterion, W, in 
assessing whether or not a fault is seismogenic. The sum of these (P x W) products is 8.57. This 
sum is divided by the sum of the weights (30) to amve at a probability of 0.29, rounded off to 0.3, 
that the Walnut Creek fault is seismogenic. This assessment is included in the logic tree (Figure 
A-6) and all of the other assessments, discussed below, are conditional on the fault being 
seismogenic. 

I 

Sense of Slip 

In considering style of faulting, the Walnut Creek, Rock Creek and Valmont fault sources are treated 
together as members of the northeast-trending fault system having similar origin and source 
characteristics. A similar origin and geometry for these sources is supported by recent sub-regional 
subsurface stratigraphic studies of the Cretaceous bedrock in the Boulder-Weld coal field (Kittleson, 
1992) and a regional fault kinematic study in the vicinity of Rocky Flats Plant (Selvig, 1993). 

Based on surficial mapping and limited subsurface data, Spencer (1961) interpreted the northeast- 
trending faults as planar normal and reverse faults bounding a horst and graben bedrock geometry. 
Subsequent detailed subsurface mapping of portions of the Boulder-Weld coal field by seismic 
reflection, (Davis, 1974; Davis and Weimer, 1976) interpreted the northeast-trending faults as 
shallow-rooted syndepositional listric normal growth faults. More recently, Spencer (1986) 
demonstrated uniform thickness of Cretaceous coal seams across the faults, contradicting a normal 
growth origin. Based on correlation of well data within the Boulder-Weld coal field, Kittleson 
( 1992) demonstrated widespread repetition of strata across northeast-trending faults indicative of 
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reverse, not normal, displacements. This analysis also defines a bedding-parallel detachment within 
the Pierre shale at a depth of about 1OOO'. 

Bedrock exposures of the northeast-trending faults in the area surrounding Marshall, Colorado, 
southwest of the Boulder-Weld coal field were studied in detail by Selvig (1993). In this study the 
attitudes of over 200 faults were recorded and the direction of slip determined for approximately 
half of the exposures. The data reveal a predominance of low-angle reverse faulting with an oblique 
component, and no normal components of slip. A stress analysis performed on the fault data for the 
Marshall area faults during the study indicates a sub-horizontal NW-SE orientation for maximum 
compression. In contrast, stress analysis of the Front Range fault system indicates a SSW-NNE 
direction of maximum compression during their formation. On the basis of these data and analyses, 
Selvig (1993) concurs with Kittleson (1992) and favors a gravity-driven model for the formation 
of the Marshall faults in which the low-angle reverse faults sole into a bedding-parallel detachment 
within the Pierre shale. 

Recent compilations of stress data (e-g., Zoback and Zoback, 1991) suggest that the axis of 
maximum horizontal stress is likely in the northwest quadrant, which is compatible with reverse 
faulting on the northeast-trending faults. Although less likely, the regional stress regime may also 
be compatible with strike slip faulting. 

Based on these data, the sense of slip on the Walnut Creek, Rock Creek, and Valmont fault is 
assessed to be: reverse (OS), normal (0.2), and strike slip (0.3). 

Geometry: Dip, Total Length, and Depth of Faulting. As shown in Figure A-6, the 
characteristics related to the geometry of the Walnut Creek fault are the dip (as measured from the 
horizontal), total fault length, and depth of faulting (which, together with the dip, defines the 
downdip width of the fault). Because the Walnut Creek fault is not clearly exposed at the surface, 
the dip of the fault must be estimated from indirect evidence. All of the available evidence suggests 
that the fault is steeply dipping to vertical, with a dip directiorrto the northwest. Solving a three- 
point problem using the EG&G (1992) map (Figure A-4) and topography suggests a dip of about 
75 degrees. The constraints on the location of the step in the bedrock-alluvium contact (Figure A-5) 
also strongly suggest that the dip of the fault is steep. Based on these observations, the dip of the 
Walnut Creek fault is assessed to be 75 to 90 degrees, with probabilities of 0.6 and 0.4, respectively. 
There is a slight preference for the 75 degree dip because of the geologic evidence for a steep dip. 

The total length of the Walnut Creek fault is highly uncertain, due mostly to a lack of detailed 
surface mapping over the area. The inferred length based on existing mapping is about 3 km 
(EG&G, 1992). It is also considered possible that the total length is greater, if an analogy is drawn 
to other northeast-trending faults. If the Walnut Creek is considered to be a member of the 
northeast-trending faults mapped in the Marshall area (Spencer, 1961) and the Boulder-Fort Collins- 
Greeley area by Colton (1978) that are interpreted from seismic reflection data by Davis (1974), 
then the total length of the Walnut Creek fault is assessed from the typical mapped length of faults 
within this zone. A typical length is about 15 km and this value is included in the logic tree as a 
possible length of the Walnut Creek fault with a probability of 0.3. The 3 km length is given greater 
weight (0.7), because the existing geologic mapping in the site vicinity has not identified a fault of 
longer than 3 km (Le., such a fault has not been required to explain the mapped geologic 
relationships). 

The next node of the logic tree (Figure A-6) is the depth of faulting, which expresses the vertical 
extent of the fault within the seismogenic part of the crust. The vertical depth of faulting is 
combined with the dip of the fault to arrive at the downdip width of the fault within the seismogenic 
crust. For example, if the depth of faulting is assessed to be 10 km and the dip of the fault is 
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estimated to be 45 degrees, the downdip width of the fault would be about 14 km. Clearly, for the 
case where the fault  is vertical, the depth of faulting is equivalent to the downdip width. 

In the Walnut Creek logic tree, the assessment of the depth of faulting is made conditional on the 
total length of the fault. Assuming a total length of 3 km, the depth of faulting (and the downdip 
width for the 90 degree dip case) is assessed to be either 6 km or 15 km. Compilations of length-to- 
width aspect ratios for historical ruptures (e.g., Purcaru and Berkhemer, 1982) indicate that, for dip- 
slip faults, minimum ratios are about 1:l. Allowing for an extreme ratio of 1:2, the width would 
be 6 km for an assumed length of 3 km. The 15 km width is based on the maximum depth of 
seismicity for M>5 in the central U.S. region (Langer and others, 1991), and would result in a highly 
unusual aspect ratio of 1 5 .  The 6 km width is given more weight because it appears to be more 
physically realistic than the 15 km width, based on our understanding of coseismic ruptures. Given 
a total length of 15 km, a single downdip width of 15 km is considered, which is the approximate 
maximum depth of seismicity in the region (Langer and others, 1991). For the case where the 
Walnut Creek fault is assumed to dip 75 degrees, the downdip widths are calculated from the depths 
of faulting. 

Maximum Earthquake Magnitude. Estimates of maximum magnitude for the Walnut Creek fault 
are made based on considerations of the dimensions of coseismic rupture areas that might be 
possible, supported by considerations of the threshold of surface faulting. The maximum magnitude 
possible on the Walnut Creek fault is a function of the length of ruptures and rupture areas (length 
times downdip width). Because in all cases the total length estimates for the Walnut Creek fault are 
short (Figure A-6) relative to most seismogenic faults, it is assumed that the entire length of the fault 
will rupture in a single event. The total lengths are multiplied by their respective downdip widths 
to arrive at rupture area estimates. The empirical relationships between rupture area and moment 
magnitude (Wells and Coppersmith, 1994) are then used to calculate magnitudes for given rupture 
areas. 

To evaluate the magnitude threshold at which surface faulting occurs, Wells and Coppersmith 
-( 1994) have compiled data on about 275 crustal earthquakes for which an assessment has been made 
of whether or not surface faulting occurred and a reliable moment magnitude estimate has been 
made. Their results indicate that at about magnitude 5 1/2 only about 20% of their earthquakes were 
associated with surface faulting; at about magnitude 6 1/2 about 80% were associated with surface 
rupture. At about magnitude 6, about one-half of the earthquakes in the dataset experienced surface 
rupture and one-half did not. It is concluded that the "threshold" of surface faulting occurs at about 
moment magnitude 6, plus or minus one-half magnitude unit (Wells and Coppersmith, 1994). The 
Walnut Creek fault is known to exist in the shallow subsurface (at the bedrock-alluvium contact) 
and is not well-expressed at the surface geomorphically. This is true despite the fact that surfaces, 
such as the Rocky Flats alluvial terrace surface, are quite old and should have been subjected to 
multiple surface-rupturing events. It is therefore concluded that the maximum magnitudes on the 
Walnut Creek fault should be very near the magnitudes associated with the threshold of surface 
faulting (in the range of 5 i/2 to 6 ID). 

4 

I 

Based on the above consideration of rupture dimensions, and supported by a consideration of the 
threshold of surface faulting, the distribution of maximum magnitudes given in the logic tree is:-5 
in (0.36), 6 (0.46), 6 in (0.18). 

Slip Rate. Because fault slip rate is used in the hazard analysis to constrain the earthquake 
recurrence rate, the most recent slip rate is to be used. The youngest geologic unit across the Walnut 
Creek fault is the Rocky Flats Alluvium and its terrace surface, which are dated at between 900 ka 
and 1.9 Ma. As discussed previously, the maximum vertical displacement of the bedrock-Rocky 
Hats Alluvium unconformable contact is about 9 m. Detailed topographic profiles were developed 
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for this study with the specific purpose of searching for evidence of vertical displacement across the 
Walnut Creek fault (Appendix B). No unequivocal evidence for displacement of the Rocky Flats 
surface was observed, within the resolution of the data. If a vertical down-on-the-east displacement 
is "forced" to exist, the maximum displacement would be no more than one to two meters (Figures 
A-10 and A-1 1). Using these data constraints and the range of ages for the Rocky Flats alluvium, 
the following slip rates are calculated: 0.01 mm/yr based on 9 m in 900 ka; 0.002 m d y r  based on 
2 m in 1 Ma; and 0.0005 m d y r  based on 1 m in 2 Ma. The high and low values are unlikely 
interpretations and are both assigned a weight of 0.2; the central value is assigned a weight of 0.6 
(Figure A-6). 

Rock Creek Fault 

The existence of the Rock Creek fault (Figure A-2) is inferred on the basis of an interpreted 400 ft 
(120 m) down-on-the-east vertical displacement of the basal contact of the Laraniie Formation 
(EG&G, 1992). The surface trace of the fault is mappg coincident with a strong tonal lineament 
that appears on a regional Landsat infrared image (EG&G: 1992). Along nearly all of its mapped 
length, the fault does not intersect post-Cretaceous materials (with the exception of recent alluvium) 
and therefore the assessment of its seismogenic potential is difficult. A small patch of 
"undifferentiated alluvium" is mapped just north of Rock Creek, which the fault is mapped to cross 
without any significant displacement at mapping scales of 1:24,OOO (EG&G, 1992; Figure 17). 

The proximity, similar trend, and probable analogous tectonic role of the Rock Creek and Walnut 
Creek faults leads to the conclusion that they should be characterized the same for this analysis (i.e., 
same probability of being seismogenic, geometry, and maximum magnitudes), with one exception. 
The cumulative slip of the Arapahoe-Laramie contact along the Rock Creek fault appears to be two 
to four times as great as the cumulative slip across the Walnut Creek fault (EG&G, 1992). The 
timing of this post-Cretaceous slip is not known, but, if the slip occurred on the faults over the same 
time period, the Rock Creek fault would have a slip rate that is two to four times that on the Walnut 
Creek fault. Allowing for this possibility and in lieu of late-Quaternary slip rate information on the 
Rock Creek fault, it  is assumed for this analysis that the slip rate on the Rock Creek fault is also two 
to four times that on the Walnut Creek fault (Figure A-6). Note that the considerable uncertainties 
in the slip rates means that there is significant overlap in the range of slip rates assumed for the two 
faults. 

Valmont Fault 

The Valmont fault (Figure A-2) was first mapped by Scott and Cobban (1965) and also appears on 
the Niwot quadrangle geologic map of Trimble (1975). Evidence for Quaternary activity was first 
described by Scott (1970) as a northeast-trending minor fault juxtaposing Cretaceous Fox Hills 
Formation against late Quaternary Slocum Alluvium. The trace location shown in Figure A-2 is 
taken from Scott and Cobban (1965). The logic tree for the Valmont fault is shown in Figure A-14. 

Seismogenic Potential. The Valmont fault lies in a tectonically similar position as the Walnut 
Creek fault: both are northeast-trending, have down-on-the-east displacement, lie within a larger 
zone of northeast-trending faults observed within the Cretaceous section, and both show evidence 
of Quaternary faulting. All of the criteria used to assess the seismogenic potential of the Valmont 
fault are identical to those used for the Walnut Creek fault, with the exception of the geologic 
evidence for late Quaternary displacement. As part of this study, the exposure photographed by 
Scott (1970) was examined and a reconnaissance field log was developed (Figures A-15 and A-16). 
Examination of the exposure confirms the presence of a significant fault zone within Cretaceous Fox 
Hills siltstone and the juxtaposition of what is apparently Slocum alluvial gravel against Fox Hills 
and overlying younger colluvium. Detailed field correlations have not been established to confirm 
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that this is Slocum alluvium or to c o n f m  that the juxtaposition is due to faulting and not some other 
mechanism (e.g., channel incision). The Slocum gravels are interpreted to be Illinoian (-300 ka) 
to Sangamon (-120 ka) in age, thus confirming late Quaternary displacement if the juxtaposition 
is due to faulting. 

@ 

All of the assessments for the probability of Valmont fault being seismogenic are the same as for 
the Walnut Creek fault, with one exception. The probability that the Valmont fault is associated 
with evidence for geologically-recent displacement is assessed to be 0.9. Therefore the sum of the 
probabilities times the weights of each criterion (P x W) is 11.27, which when divided by the total 
sum of the weights (30), results in a probability of 0.38. Therefore, the probability that the Valmont 
fault is seismogenic is assessed to be 0.4. 

The sense of slip assessed for the Valmont fault is the same as that assessed for the Walnut Creek 
and Rock Creek faults: reverse ( O S ) ,  normal (0.2), and strike slip (0.3). 

Geometry: Dip, Total Length, and Depth of Faulting. The dip on the Valmont fault is estimated 
based on the roadcut exposure and by analogy to the Walnut Creek fault. The main zone of foliated 
gouge in the Fox Hills Formation has a dip of about 50 degrees to the north (Figure A-16) and this 
dip is given the highest weight to define the fault. By analogy to the Walnut Creek fault, which 
likely lies within the same zone of northeast-trending faults, an alternative dip of 75 degrees is also 
considered. 

The mapped length of the Valmont fault on Scott and Cobban's (1965) map is about 3 km. For the 
same reasons as described for the Walnut Creek fault, a total length of 15 km is also considered. 
Similarly, alternative downdip widths are developed for the Valmontfault using the same arguments 
as for the Walnut Creek fault. a 
Maximum Earthquake Magnitude. Because the total length scenarios and downdip widths 
(corrected for dip) are essentially identical to the Walnut Creek fault, the maximum magnitudes 
assessed for the Valmont fault are also the same. The maximum magnitude distribution is: 5 112 
(0.36), 6 (0.46), 6 in (0.18). 

Golden-Boulder Reaches of the Front Range Fault System 

The uplifted Front Range of the Colorado Rocky Mountains is structurally juxtaposed against the 
relatively undeformed crust of the Great Plains along its eastern range front by a narrow fault system 
called the Front Range fault system (Figure A-13). The Front Range fault system consists of both 
emergent faults exposed and mapped at the surface, and blind faults that do not extend to the surface 
but are expressed indirectly by deformation of the overlying sedimentary cover rocks. The principal 
elements of the Front Range fault system formed to accommodate uplift of the Front Range during 
the late Cretaceous-Paleocene Laramide orogency, though some may have re-activated Paleozoic ' 
structures formed duxjng uplift of the ancestral Rockies (Tweto, 1975). 

Interpretations of the subsurface geometry of the Front Range fault system have evolved from the 
predominantly high-angle/vertical style of faulting inferred by "thick-skinned" tectonics (e.g., 
Harms, 1964; Prucha and others, 1965; Steams, 1971,1978; and Matthews and Work, 1978) to the 
more shallow-dipping master faults associated with "thin-skinned" tectonic models (e.& Brewer and 
others, 1982; Lowell, 1983; Erslev and others, 1988). Recent general acceptance of the "thin- 
skinned" model of low-angle compressional faulting involving basement is due largely to evidence a from recent subsurface geophysical investigations (e.g., Smithson and others, 1979; Brewer and 
others, 1982; Bieber, 1983) and successful application of modem structural analysis and modeling 
techniques (e.g., Erslev, 1986, 1988; Narr and Suppe, 1989, 1990; Schmidt and others, 1993). A 
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simple blind thrust wedge fault geometry consistent with "thin-skinned" tectonics theory is adopted 
as the structural framework of the Front Range fault system for this report. 

A recent deep seismic reflection profile that extends across the Rocky Flats alluvial fan surface from 
just inside the range front at Coal Creek canyon, through the Rocky Flats Plant and ending in the 
vicinity of Indiana Street east of the plant site is shown in Figure A-13. The characterization of the 
subsurface geometry of seismic sources as faults of the Front Range fault system is derived largely 
according to the structural relationships depicted in the interpreted seismic section of Figure A-13a. 
The main structural components of the wedge model are: 

A primary fault (A) dipping moderately to the west that extends upward from mid-crustal 
depths (based on analogy to similar structures observed on deep seismic profiles of the Rocky 
Mountain range front to the north) to a ramp-flat transition at a depth of about 3.5 km, near the 
base of the range front. 

0 A subhorizontal decollement (B) lying near the base of the flat-lying sedimentary cover rocks 
east of the ramp/flat transition. 

A east-dipping fault (C) that splays upwards from the decollement along the upturned 
basementkover contact (formed as the Laramide roof thrust that defines the top of the wedge). 

A steeply westdipping "breakthrough" fault (D) splays upwards from fault (A) below the 
ramp/flat transition to the surface. 

A series of high-angle conjugate reverse faults (E) within the flat-lying sedimentary cover rocks 
east of the range front. 

According to this model, faults A, B, C, and E formed simultaneously, while the "breakthrough" 
fault @) formed later, splaying upwards from primary fault (A) below the ramp/flat transition and 
cutting the Laramide roof thrust (C). 

The general similarity in structural style along the range front and the interpretation of major faults 
from both surface mapping and subsurface studies leads to the conclusion that, for the purposes of 
seismic source characterization, a fault or fault zone similar to that shown in Figure A-13 should be 
assumed to exist along the entire range front at least from Boulder to Colorado Springs. The reaches 
of the Front Range fault system closest to the RFP are the Golden fault as mapped by Van Horn 
(1972) and Smith (1964) and what is termed for this study as the "Boulder reach" (Figure A-2). For 
the purpose of this analysis, the Golden fault is equivalent to fault A + D of Figure A- 13a, and the 
Boulder reach is equivalent to fault A of Figure A- 13a. 

The Golden fault extends from just south of the RFP to near Mount Carbon, a length of about 30 
km. The Boulder reach of the Front Range fault system is not coincident with a mapped surface 
fault, but is inferred to be a blind or buried structure from Coal Creek Canyon 4 km west of the RFP 
to Rabbit Mountain to the north. The length of the Boulder reach is about 50 km. The Golden fault 
and Boulder reach are the faults that are the closest elements of the Front Range fault system to the 
RFP and, for this analysis, they are the faults of the Front Range fault system have the most 
potential significance to the seismic hazard at the site. As appropriate, information related to other 
parts of the system are used to assist in characterizing the Golden-Boulder reaches. 
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Criterion 

Association with M>5 seismicity 

Association with M<5 seismicity 

Geologically recent slip 

Structural association 

Crustal extent 

Favorable stresshectonic analogue 

The logic tree for the Golden-Boulder reaches is shown in Figure A-1 8 and is discussed below. 

Probability,P P X W  

0.2 1.4 

0.2 1.2 

0.5 4.5 

0.7 3.5 

0.9 1.8 

0.8 0.8 
( 

Seismogenic Potential. Using the criteria for seismogenic potential discussed previously, the 
assessments for the Golden-Boulder reaches of the Front Range fault system are the following: 

The only M>5 earthquake that has occurred in the historical record that could have occurred on the 
Golden-Boulder reaches is the 1882 Colorado earthquake. Original assessments of the location of 
this earthquake (Hadsell, 1968) placed it near Boulder with a magnitude between 5.0 and 6.7. 
Subsequent studies (Dames & Moore, 1981; MbGuire and others, 1982) placed the epicenter in 
northwest Colorado with a magnitude of about 6.5, based on a detailed review of original intensity 
reports. Kirkham and Rogers (1986) reviewed some additional felt reports, re-interpreted many of 
the original reports of shaking, and made an analogy with the 1984 Laramie Mountains earthquake ' 

to conclude that the epicenter was near Estes Park at 40.5"N, 105.5W, with a magnitude of about 
6.2. By analogy to the deep 1984 Laramie Mountains earthquake, Kirkham and Rogers (1986) 
conclude that it is probable that the 1882 earthquake was also a deep event and that no or only very 
minor surface faulting may have resulted. 

A reassessment of the magnitude and location of the 1882 earthquake was carried out for this study 
(Appendix C). Shown in Figure C-3 are the possible epicentral areas for the earthquake, as a 
function of the judged degree of confidence. In all cases only the extreme eastern edge of the 
possible epicentral areas would allow for the Front Range fault system to have been the causative 
fault for the earthquake. These findings are consistent with those of previous workers in assessing 
the preferred location for the event to have been within the Rocky Mountains. It is therefore 
concluded that there is a low probability (0.2) that the event was associated with the Golden-Boulder 
reaches of the Front Range fault system. 

Compilations of the historical and instrumental seismicity in central Colorado show a few scattered 
small magnitude earthquakes in the eastern Rocky Mountains-Denver Basin region. A few of these 
events appear to be spatially associated with the range front, but there are too few events to arrive 
at a conclusion that the Golden-Boulder reaches, or any other reaches of the Front Range fault 
system, have a clear association with small-magnitude seismicity. Therefore, it is concluded that 
there is a low probability (0.2) that the fault zone is associated with Mc5 seismicity. 

Previous evaluations of evidence for geologically-recent slip have focused on the Golden fault, have 
attempted to evaluate fault "capability" (using 500 ka criteria of Appendix B to 10 CFR loo), and 
have concluded that there is no evidence suggesting that the Golden fault is capable. Dames & 
Moore (1981) investigated the Golden fault using literature search, remote sensing, field mapping, 
trenching at three sites, and a microearthquake survey. They also conducted field studies of the 
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"Quaternary graben" near Golden and concluded that there is no evidence to suggest that the graben 
is tectonically or structurally related to the Golden fault. 

Since the time of the Dames & Moore (1981) studies, tectonic geomorphic techniques have been 
developed that are capable of identifying fairly low rates of activity and surface deformation that 
may result from buried or blind faulting. As part of the present study, some of these techniques 
have been applied in a preliminary way along the frontal zone of the Front Range as a means of 
assessing evidence for post-Cretaceous deformation along the range front boundary. These analyses 
are presented in Appendix B and are summarized here. The evaluation of Quaternary deformation 
across this boundary is very difficult because of a general lack of Quaternary geologic units that lie . 
across the boundary. For example, the Rocky Flats Alluvium terrace surface that provides a 
remarkable time horizon and "strain gauge" for assessing fault displacement east of the front, is 
virtually absent west of the front. Detailed studies to identify and correlate terrace remnants in 
stream valleys within the range have not yet been carried out. A second reason that evaluations of 
possible Quaternary deformation are difficult is the likely low rates of deformation that are 
occurring. The general absence of geomorphic evidence of young faulting along the range front 
clearly indicates that the rate of fault slip, if occumng at all, is low. 

A third reason for the difficulty in assessing young deformation is the fact that the tectonic 
mechanisms for such deformation are likely complex. Much of the range front boundary is marked 
by major blind reverse faults and folds formed during Laramide compression. The present stress 
regime is likely extensional (see further discussion below) and the manner in  which the Laramide 
structures might be reactivated in this extensional stress regime is not clear. Experience in other 
tectonic environments that are characterized by low rates of tectonic deformation has shown that 
reactivation occurs along only a limited number of "favorably oriented" structures. For example, 
in the western Sierra foothills of eastern California, major Paleozoic and Mesozoic reverse-fault 
systems, several hundred kilometers long, have been mapped that accommodated subduction-related 
compression. However, the contemporary stress regime in this area is extensional and late Cenozoic 
deformation is occurring at very low rates. Detailed studies of late Cenozoic faulting (Schwartz and 
others, 1978, 1979; Pacific Gas and Electric Co., 1993) show the following: 1) late Cenozoic 
normal-slip faulting occurred as a result of reactivation of preexisting Mesozoic reverse faults, 2) 
late Cenozoic fault reactivation occurred only along limited portions of the Mesozoic faults and at 
extremely low rates, and 3) those portions of fault zones being reactivated show evidence for 
multiple episodes of fault displacement. Another example of reactivation is the Meers fault in 
Oklahoma, where the 600-km-long Wichita frontal fault zone has been reactivated locally in the late 
Quaternary along the 40-km-long Meers fault (e.g., Slemmons, 1991; Swan, in press). The Meers 
fault also shows evidence for multiple late Quaternary displacements. 

Based on these examples, the reactivation of the Front Range fault system in general and the 
Golden-Boulder reaches in particular may be occurring along limited portions of the zone and, 
where reactivation has occurred, multiple displacements should be evident. The only documented 
case of Quaternary deformation along the range front is along the Rampart Range fault near the Air 
Force Academy (Dickson, 1986) and the "Quaternary graben" near Golden (Kirkham, 1977; 
Kirkham and Rogers, 1981; Dames & Moore, 1981). The graben near Golden is considered later 
in this evaluation. The Rampart Range fault is interpreted to show the best geomorphic expression 
of any Quaternary fault of the Front Range fault system (Kirkham and Rogers, 1981). Geomorphic 
analyses of range-front sinuosity show that this portion of the range front also suggests younger 
tectonism (Appendix B and Figure A-20). Profiles of the range crest, piedmont-mountain front 
junction, Eocene erosional surface, and Rocky Flats terrace remnants suggest that p o s t - h e n c e  
deformation has occurred and can be used to identify discrete range front segments, particularly the 
segment including the Rampart Range fault (approximately Fountain Creek to the South Platte River 
on Figure A-19). In the Golden-Boulder portion of the range front, however, the geomorphology 
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is more difficult to interpret. A short segment west of the RFP appears to show low sinuosity 
(higher rate of tectonic activity) and the Eocene erosion surface appears to be warped. Terrace 
remnants of the Rocky Flats alluvium do not appear to show similar warping. It is therefore 
concluded that geologic evidence for young deformation is present but equivocal, and the Golden- 
Boulder reaches are assigned a probability of displaying geologically recent slip of 0.5. 

In assessing the structural association of the Golden-Boulder reaches with other active faults, we 
consider two possible associations: with the Rampart Range fault and with the Quaternary graben 
near Golden. As part of investigations conducted for the Denver Water Department (Denver Water 
Department, 1986; Dickson, 1986), trenches were excavated across a trace of the Rampart Range 
fault at the Air Force Academy and showed down-on-the-west displacement of the Douglas Mesa 
Gravel. Vames and Scott (1967) correlate the Douglas Mesa Gravel with Verdos Alluvium, which 
contains a 600 ka ash deposit. The presence of late Quaternary displacement is consistent with the 
strong geomorphic expression of the Rampart Range fault zone (Kirkham and Rogers, 1981). 
Because the Rampart Range fault zone is in a similar tectonic position as the Golden-Boulder 
reaches and likely part of the same fault system, the likelihood that the two zones are structurally 
associated is judged to be fairly high. The large distance between the Rampart Range fault and the 
Boulder-Golden reaches, however, leads to some uncertainties i n  their structural association. 

Studies of the Quaternary graben near Golden concluded that the graben is far better expressed 
geomorphically than the Golden fault and that the graben faults displace strata that contain a 600- 
700 ka ash deposit (Kirkham and Rogers, 1981). Evaluation of the graben by Dames & Moore 
(1981) resulted in the conclusion that the feature probably has a limited lateral extent, can be 
explained by both tectonic and nontectonic mechanisms for its origin, and is likely not tectonically 
or structurally related to the Golden fault. The limited lateral extent of the graben (less than few 
kilometers) would imply a limited earthquake potential (i.e., small source area and small 
magnitudes) as an individual seismic source. Therefore, the importance of the graben for purposes 
of this study is the degree to which a structural association with the Golden fault might imply 
geologically recent deformation on the Golden fault. 

One model for how the graben might relate to the Golden fault is through an evolutionary model 
proposed by West (1992) for the development of normal fault systems within preexisting thrust fault 
terrains. The graben may represent the surface manifestation of a preexisting thrust fault that, 
during intermediate stages of evolution in West's model, ruptures the surface and tectonically 
beheads reactivated thrusts toward the leading edge of the thrust system (Fault K in Figure 12 of 
West, 1992). In this case the range front (Golden fault) would be the primary seismogenic fault and 
the graben a result of extension in the shallow parts of the crust. The principal argument against this 
interpretation is that the short lateral extent of the graben suggests that it is not a major preexisting 
thrust fault. 

Based on a consideration discussed above of the possible association of the Golden-Boulder reaches 
with the Rampart Range fault zone, it is concluded that there is a 0.7 probability that the Golden- 
Boulder reaches of the Front Range fault system are structurally associated with another seismogenic 
fault. The relationship with the Quaternary fault near Golden is not resolved, but may also suggest 
an association with another seismogenic fault. 

> 

As defined for this study, the Golden-Boulder reaches of the Front Range fault system are the 
boundary between the eastern Rocky Mountains and the Great Plains province. This boundary is 
a fundamental crustal boundary that affects the entire crust. Locally, the deep seismic reflection line 
across the RFP west into the Front Range clearly shows a major reverse fault zone (Figure A-1 1). 
Therefore, on the basis of available data, the probability that the Golden-Boulder reaches extend to 
significant crustal depths is assessed to be high (0.9). 
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The strike of the Golden-Boulder reaches is roughly north-south and the contemporary stress field 
in the region is likely.extensiona1 with the maximum axis of horizontal extension in the northeast 
quadrant (e.g., Dart, 1985; Zoback and Zoback, 1991). The Quaternary geologic evidence at the 
Air Force Academy trench site on the Rampart Range fault and the graben near Golden both show 
normal faulting with the down-on-the-west displacement. From the available stress and geologic 
data the likelihood that the Golden-Boulder fault is favorably oriented relative to contemporary 
stresses is assessed to be fairly high (0.8). 

Based on the probabilities assessed for each criterion and the products of these probabilities and 
their weights (P x W), the sum of the products is 13.2. Dividing this value by the total sum of the 
weights (30) results is a probability of 0.44. Therefore the probability that the Golden-Boulder 
reaches of the Front Range fault system is seismogenic.is assessed to be 0.4. 

Sense of Slip 

Bedrock exposures of the Front Range fault system along the Golden-Boulder reach reveal a 

faults (Van Horn, 1957; Spencer, 1961; Van Horn, 1972; Bryant et al., 1981; Selvig, 1993). This 
is supported by subsurface information from deep wells near the fault zone in the Golden area (Berg, 
1962) and from seismic reflection data gathered across the fault zone south of Rocky Flats Plant in 
the vicinity of Golden (Domoracki, 1986), and west of Rocky Flats Plant in Coal Creek Canyon 
(Ebasco, 1991). These data are restricted to the bedrock geometry of the fault system and do not 
resolve offsets within the Quaternary section. 

~ complex reverse fault system that contains both primary west-dipping and secondary east-dipping I 

The only direct observation of sense of slip on the Front Range fault system where it affects 
Quaternary age deposits is in one of the Air Force Academy trenches excavated across the Rampart 
Range reach of the Front Range fault system (Dickson, 1986). This exposure reveals down-on-the- 
west normal displacement on west-dipping bedding-parallel faults within Cretaceous bedrock that 
affect the overlying Douglas Mesa Quaternary gravels. Extensional deformation of Quaternary 
deposits is observed in the Golden graben near Clear Creek Canyon (Kirkham, 1977; Kirkham and 
Rogers, 1981), but this exposure can not be unequivocally associated with the Golden fault, nor is 
there net displacement across the feature. 

The level of seismicity in the area surrounding Rocky Flats Plant is very low and therefore few 
earthquake focal mechanisms are available to assess fault kinematics. The only earthquakes having 
well constrained locations and focal mechanisms are those associated with the Rocky Mountain 
Arsenal swarms of 1967-68 and 1981. Focal mechanism solutions for the 1967-68 earthquakes 
reveal predominately normal displacement along a northwest-smking plane (Herrmann and others, 
1981). Focal mechanism solutions for the March-April 1981 sequence a combination of reverse and 
strike-slip faulting along an approximately WSW-ENE trending plane (Bollinger and others, 1983). 

A compilation of stress indicators in the region indicates a N15W direction for the maximum 
horizoqtal stress direction (Dart, 1985; Zoback and others, 1990). These data include wellbore 
breakouts, downhole hydraulic fracturing experiments, and the Rocky Mountain Arsenal 
earthquakes. The Front Range faults west of the Rocky Flats Plant strike approximately N20W. 
This parallel orientation of the regional maximum horizontal stress direction and the strike of the 
Front Range faults suggests that they will be activated as extensional faults in the present tectonic 
regime. 

Based on these observations, the following sense of slip on the Golden-Boulder reaches of the Front 
Range fault system is assessed: normal (0.6), reverse (0.3), and strike slip (0.1). 

I 
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Geometry: Dip, Total Length, and Depth of Faulting. As shown in the logic tree for the Golden- 
Boulder reaches (Figure A-l8 ) ,  the dip, total length, and depth of faulting are the elements that 
define the geometry. Two directions of dip are provided for in the analysis: toward the west and 
toward the east. A 60" west dip is estimated based on exposures of the Golden fault near Golden, 
interpretation of borehole data south of Pleasant View (Berg, 1962; Smith, 1964), and the 
interpretation of deep seismic reflection data near Coal Creek Canyon (Ebasco, 1991). As shown 
in Figure A-13, the major subsurface faults associated with the Front Range fault system are large 
west-dipping reverse faults (faults "A" and "D"). The seismic reflection profile in Figure A-13 is 
a time section rather than a depth section; depth correction indicates that westerly dips of these large 
reverse faults is about 60" consistent with the limited borehole data (Berg, 1962). The deep seismic 
reflection data also show an east-dipping fault at the base of the steeply-east dipping late 
Cretaceous-Paleozoic section (fault "C" in Figure A-13). In the analysis, strong preference (0.8) is 
given to the hypothesis that the Golden-Boulder reaches of the Front Range fault system have a 
westerly dip and are coincident with the west-dipping reverse faults seen on the seismic reflection 
profile. The possibility that the Golden-Boulder reaches have an easterly dip (coincident with the 
fault "C" in the profile) is also allowed in the analysis. This east-dipping scenario is given less 
weight (0.2) because there is no evidence for displacement of the flat-lying late Cretaceous- 
Paledzoic section on the seismic reflection profile, thus suggesting that the east-dipping fault is more 
likely a back-thrust and not a major seismogenic fault extending through the entire seismogenic 
crust. 

The total length of the Golden-Boulder fault zone is uncertain and two alternative lengths are 
considered for this analysis. The first length is 75 km, which, after accounting for overlap, is the 
combined length of the two faults extending from Rabbit Mountain south to near Mount Carbon. 
A second scenario would extend the southern limit to include the entire range front to about 
Colorado Springs, a total length of about 165 km. Differences in the surface expression of faulting 
and structural styles leads to the slight preference of the 75 km length (0.6) over the 165 km 
alternative (0.4). It should be noted that the total length is used in the hazard analysis to model the 
location of earthquakes. In this case, the closest distance of the Golden-Boulder reaches to the RFP 
site is the Same for both total length scenarios. Hence, the effect of the choice of total length on the 
hazard results is expected to be minor. 

The downdip width (depth of the seismogenic crust) is estimated for the Golden-Boulder reaches 
based on earthquake focal depths. The typical maximum focal depths in the region and in the 
central U.S. in general are about 15 km (Langer and others, 1991) and that value is given greatest 
weight (0.8). Studies of the 1984 Laramie Mountains earthquake have shown that the focal depths 
for the main shock and aftershocks occurred at depths of 20 to 25 km (Langer and others, 1991). 
The Laramie Mountains earthquake occurred well within the Rocky Mountains tectonic province 
and is highly unusual for focal depths in the region to the east of the Rocky Mountains. It is 
therefore assessed that these anomalously deep focal depths are probably not representative of the 
focal depths along the range front. However, a 25 km seismogenic crustal width is allowed for in 
the analysis, with a low weight (0.2). 

Maximum Earthquake Magnitude. To evaluate possible maximum magnitudes on the Golden- 
Boulder reaches, potential rupture segment lengths are first considered (Figure A- 17). Three 
alternative lengths are considered: 30, 50, and 75 km. 30 km is the approximate length of the 
Golden fault and 50 km is the approximate length of the Boulder reach (Figure A-2). Although the 
Golden fault is mapped as a more continuous fault zone and may be a considered a possible rupture 
segment, the Boulder reach is likely also a relatively continuous fault in the shallow subsurface, and 
may more likely represent a maximum rupture segment. The range-front profile (Figure A-19; see 
Appendix B for discussion) indicates the elevation of various datums including the range front, the 
piedmont-mountain front junction, the Eocene erosional surface, and the Rocky Flats alluvial terrace 
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surface. The profile strongly suggests that the range front is segmented. The coincident rise and 
fall of all four surfaces suggests that a fairly clear 75-km-long segment exists between Fountain 
Creek and the South Platte River and would include the Rampart Range fault zone. North of the 
South Platte River in the reaches of the Front Range of importance to the RFP, the segmentation is 
less clear and may consist of shorter segments, such as an approximately 30-km-long segment 
between Clear Creek and Boulder Creek, or an approximately 50-km-long segment between the 
South Platte River and Boulder Creek. Based on the lengths of the Golden fault and the Boulder 
reach, as well as the evidence for segmentation suggested in Figure A-20, rupture lengths of 30 km 
and 50 km are assessed with probabilities of 0.3 and 0.5, respectively. For purposes of this study, 
a 75 km rupture segment length is also considered, which would, after accounting for overlap, 
approximate the combined lengths of the Golden and Boulder fault zones. Because this 
interpretation is not well-supported by the considerations of segmentation in the Golden-Boulder 
reaches of the fault system, this alternative is given lower weight (0.2). 

After correcting downdip widths for the various fault dips, rupture areas are calculated and moment 
magnitudes are determined for each rupture area. The resulting distribution of maximum 
magnitudes is the following: 6 3/4 (0.24), 7 (0.62), and 7 1/4 (0.14). 

Slip Rate. There are no direct data on the slip rate on the Golden-Boulder reaches. To make the 
assessment, slip rates developed from data on the Rampart Range fault and the graben near Golden 
are used, together with comparisons of the geomorphic expression of these faults with the Golden- 
Boulder reaches. Faults in the AF-1 trench at the Air Force Academy show down-to-the-west 
vertical displacement of the Douglas Mesa Gravel deposits (Dickson, 1986). The cumulative 
displacement for the 25 faults exposed in trench AF-1 totals 29.3 m (Dickson, 1986). Using simple 
geometric relationships and assuming all displacement occurs on a single fault, the total vertical slip 
is inferred to be 37.6 m. The Douglas Mesa Gravel has been correlated with the Verdos Alluvium, 
which contains a 600 ka ash deposit (varnes and Scott, 1967). Using a range of 29.3 to 37.6 m, 
vertical slip rates of 0.049 to 0.063 mm/yr are derived. In the exposure of the graben near Golden, 
a down-to-the-west vertical displacement of 5.5 m is observed i n  Quaternary strata that contain a 
600-700 ka ash deposit. This implies a vertical slip rate of 0.008 to 0.009 mm/yr. 

Although the data and interpretations discussed above provide reasonable estimates of slip rate for 
the faults studied, the rates are most likely higher than the rates appropriate for the Golden-Boulder 
reaches of the Front Range fault system. This is because the Rampart Range fault and the graben 
near Golden display the best geomorphic expression of Quaternary faulting along the Front Range 
boundary. Recall that the Quaternary graben near Golden may not be tectonic and cannot be 
unequivocally associated with the Golden-Boulder reaches. The Golden-Boulder reaches lack such 
expression despite the fact that the rock type, climate, and other factors affecting geomorphic 
expression are equivalent along the boundary. This suggests that the rate along the Golden-Boulder 
reaches is lower. As an estimate of slip rates that are possible without the presence of geomorphic 
expression, we use the estimated slip rate for the Walnut Creek fault. Therefore, the three slip rates 
used and their relative weights are the following: 0.06 m d y r  (0. l), which is the rate of the Rampart 
Range fault; 0.009 d y r  (0.3), which is the rate of the graben near Golden; and 0.002 m d y r  (0.6), 
which is the average estimated rate for the Walnut Creek fault. 

Recurrence Relationships for Fault Sources 

Based on the slip rate information summarized above and the magnitude-distribution model given 
by Youngs and Coppersmith (1985), earthquake recurrence relationships are developed for each of 
the fault sources. .The mean recurrence curves for the Walnut Creek, Rock Creek, Valmont, and 
Golden-Boulder reaches of the Front Range fault system are shown in Figure A-22. The 
"characteristic earthquake" magnitude-distribution model of Youngs and Coppersmith (1985) is 
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selected because recent studies (e.g., Youngs and others, 1993) have shown this model to be more 
appropriate than the exponential model for characterizing the recurrence for individual faults. The 
b-value of the exponential portion of the curves is 0.75 based on the average b-values of the regional 
source zones (see Appendix D). Also shown in Figure A-22 is the recurrence relationship for the 
RMA/Derby source, which is based on independent instrumental seismicity (devoid of injection- 
related events) within a 10-km wide corridor. The observed events are assumed to follow an 
exponential distribution within this fault conidor and the b-value for this source is 1.16. 

AREAL SOURCE ZONE CHARACTERISTICS 

Two types of areal source zones are considered in this analysis: a local source zone (Figure A-2) and 
regional source zones (Figure A-23). In developing the regional source zones, other hazard studies 
were reviewed. Generally, our regional sources follow well-known geologic boundaries (e.g., 
Denver Basin), and are very similar to the zones identified by Kirkham and Rogers (1981). The 
basis for the zones identified for the USGS national seismic hazard maps is not documented and is 
not apparent based on geologic or seismicity comparisons. Studies for the "eastern" U.S. (e.g., 
Bernreuter et al., 1989; EPRI, 1985) focused on the region to the east of 105.00 degrees longitude 
and, therefore, interpretations for this region are judged to be unreliable for this study. 
The basis for the definition of areal source zones is given below. 

Local Source 

The local source is intended to enclose a group of northeastitrending faults that are known to exist 
north and east of the RFP and are inferred to exist in the vicinity of the site. A zone of faults lying 
north of the RFP in the Marshall area are mapped by Spencer (1961) on the basis of 
structurallstratigraphic relationships in Cretaceous rock outcrops and inferred from local borehole 
data. These faults are continuous along strike to the northeast with a larger group of faults that 
appear on the 1:1OO,OOO geologic map of Boulder-Fort Collins-Greeley area by Colton (1978) that 
are interpreted from seismic reflection data by Davis (1974). These faults occur primarily in 
Cretaceous strata. Faults in the Boulder-Weld coal field had been interpreted as high-angle normal 
faults (Spencer, 1986) or growth faults developed during the deltaic deposition of the surficial 
sedimentary rocks (Davis and Weimer, 1976). However, through detailed subsurface mapping, 
Kittleson (1992) showed that.the coal beds are displaced along reverse faults that splay upwards 
from an underlying subhorizontal decollement. 

I 

The sharp truncation of the mapped faults of this zone (Figure A-12) is a function of the boundary 
of the edge of Colton's (1978) map and the faults likely are present to the southwest in the RFP 
vicinity. EG&G (1992, p.133) note that from RFP northward, Rock Creek, Coal Creek, and South I 

Boulder Creek exhibit a northeast-southwest alignment that appears to be controlled by northeast- 
trending structures. They also note that the Upper Cretaceous stratigraphic section in this area has 
little coherence, due presumably to faulting. The deep seismic reflection profile through the RFP 
(Ebasco, 1991; Figure A-13) shows evidence of faults in the Pierre shale beneath the RFP. It is 
reasonable to infer that these faults are part of the regional northeast-trending fault set. The origin 
of the northeast-trending zone is not clear. Although the trend is consistent with the trend of some 
Precambrian basement structures, such as the Idaho Springs-Ralston Shear Zone, in the Front Range 
(Spencer, 1961), there is no apparent lateral offset of the Dakota Group sedimentary rocks 
(Kittleson, 1992), suggesting that the Ralston shear zone has not been active in post-Cretaceous 
time. 

The Walnut Creek, Rock Creek, and Valmont faults are likely members of the northeast-trending 
fault set. They are treated separately ahd independently as potential seismic sources. However, the 

. 
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potential activity of these faults (assessed to have probabilities of 0.3, 0.3, and 0.4, respectively) 
suggests that other faults of the zone may also be potentially seismogenic. Using a probability that 
is the average of that assessed for the three faults, a probability of 0.3 is assessed that the local areal 
source zone is seisrnogenic. Note that in the application of this assessment in the hazard analysis, 
there is a 0.3 probability that both the local source zone is seismogenic as well as the Denver Basin 
regional source I (Figure A-1). Conversely, there is a 0.7 probability that the local source is not 
seismogenic and, in this case, only the Denver Basin regional source I is seismogenic. 

The maximum earthquake magnitude for the local source zone is assessed to be the same as that for 
the Walnut Creek, Rock Creek, and Valmont faults, which may be a typical elements of the fault 
system: 5 i/2 (0.36), 6 (0.46), 6 1/2 (0.18). The maximum credible earthquake (MCE) for the local 
source zone is selected to be moment magnitude 6. 

Rocky Mountain Arsenal (Derby) Source Zone (RMA/Derby) 

The RMA/Derby source zone is the name given to the seismogenic structure inferred as the source 
for the swarm of earthquake activity within the western Denver Basin triggered by borehole 
injection of waste fluids at the Rocky Mountain Arsenal (RMA) beginning in March 1962 (Healy 
and others, 1966). The seismic source is referred to as the Rocky Mountain Arsenal fault in the 
early literature. More recently, the source was named the "Derby fault" after a lake that lies within 
Rocky Mountain Arsenal near the fluid injection well, As discussed below, there is no mapped fault 
coincident with the zone of seismicity there. This report retains the original designation and for 
purposes of the hazard analysis it is referred to as the Rocky Mountain ArsenalDerby source zone. 

The location of the RMA/Derby source zone and associated source zonation is shown in Figure D- 
29. The RMA/Derby source zone is defined by epicenters of the 1967-8 and 1981 earthquake 
swarms. The 1967-8 earthquakes are characterized by normal faulting along a fault plane striking 
N50W with most of the events occurring at depths of between 3 and 8 km (Herrmann and others, 
1981). The composite focal mechanism for the earthquake sequence of March to April 1981 shows 
a combination of reverse and strike-slip faulting with nodal planes of N58W/60NW and 
N76W/4OSW (Bollinger and others, 1983). The Occurrence of the 1981 sequence, well after the end 
of deep fluid injection, as well as the change in style of faulting between 1967-8 and 1981 is not 
well understood. The possibility of a complex array of fractures in a source volume has been 
suggested (Bollinger and others, 1983). The fact that the earthquakes occur adjacent to a change 
in the ambient stress field from extensional in the west to compressional in the east (Zoback and 
Zoback, 1991) may also be a factor. The logic tree for the RMADerby source zone is shown in 
Figure A-21 and is discussed below. 

. 

Seismogenic Potential. In discussing the "Derby fault," Kirkham and Rogers (1981) stated that 
they found no geophysical or geological evidence for disruption of late Tertiary strata. According 
to these authors, possible evidence for Quaternary fault activity prior to the post-injection swarm 
consists of: unusual geomorphic features in the vicinity of the RMA noted by De Voto (1968); and 
personal communications with J.L. Hamilton and K.E. Brand, who separately suggested that late 
Cretaceous and Paleocene rocks may be disrupted by faulting on the northern and southern limits 
of the mapped fault. Kirkham and Rogers concluded that the existence of the "Derby fault" is 
uncertain and that "...a great deal remains to be learned about this fault." 

Healy and others (1966) conducted detailed geologic, geophysical, and seismologic investigations 
into the earthquake activity at the RMA, which at that time was only suspected of being associated 
with borehole injection of waste fluids. Lindvall (Part 1 in Healy and others, 1966), in writing on 
the geology of the Rh4A area, noted that there are no known faults that cut either the exposed 
bedrock surface or overlying surficial deposits in the mapped area. The closest known faults to the 

0 

EGGRF/REPORT/APPENDD.A7 A-24 



\ 

9217-COO-204, Rev. 0 

site displace Cretaceous and Paleocene rocks and lie far to the west in the Morrison and Golden 
quadrangles and in the Louisville quadrangle near Superior about 15 mi northwest of the RMA. 
Scott (1970) reported a fault with apparent Quaternary displacement west of Superior near Boulder. ! 

De Voto (1968) conducted Quaternary geologic mapping studies in the RMA area and found no 
apparent evidence for faulting over the past 5 ka and equivocal evidence for Pleistocene fault 
activity. He noted a pronounced 20-foot step in the Broadway terrace (pre-Wisconsin age) 
northwest of the RMA disposal well that falls within the elliptical zone of earthquake epicenters 
defined by Healy and others (1966). This feature also is aligned with a northwest-trending, bedrock 
paleovalley that he suggested may be the buried trace of a pre-Yarmouth age fault. From this 
evidence De Voto suggested pre-Wisconsin surface faulting May have occurred, perhaps related to 
the RMA/Derby source. He also noted that these same features (topographic step in the terrace, 
bedrock outlier) can be explained by normal geomorphic processes without requiring tectonic 
faulting. 

Therefore, the sole dataset for the existence of the RMADerby source zone, and hence for 
evaluating its seismogenic potential, is observed seismicity. Clearly, the association of the source 
zone with small-magnitude earthquakes confirms that it is capable of generating M<5 events. On 
the basis of the dimensions of the zone, its downdip extent, and continuing seismicity well after 
termination of fluid injection, it is concluded that the ongoing seismicity represents tectonic stress 
release (Bollinger and others, 1983). Because of the unusual nature of the RMADerby source zone 
relative to the other faults evaluated for this assessment (e.g., there is no known geologic structure 
coincident with what is called the "RMA fault" or the "Derby fault"), it is difficult to apply the 
evaluation criteria for faults. Although it is clear that the RMADerby source is capable of 
generating Mc5 earthquakes, there is some uncertainty in its ability to generate larger earthquakes. 
There is no unequivocal evidence for deformation of Quaternary deposits and available geologic and 
geophysical studies show no clear evidence of faulting. The probability that the Derby fault is 
seismogenic is therefore assessed to be 0.5. 

Sense of Slip 

Because the RMA/Derby source zone is not a fault zone, there is no geologic evidence for the sense 
of slip. Instead, the estimates of the sense of slip come from earthquake fya l  mechanisms and 
considerations of the regional stress regime. Focal mechanisms associated with the 1967-68 sequence 
show primarily normal fault mechanisms along northwest-trending faults (Henman and others, 198 1). 
Composite focal mechanisms for the 1981 sequence shows a combination of reverse and strike slip 
mechanisms (Bollinger and others, 1983). Regional considerations of stress (e.g., Zoback and 
Zoback, 1991) indicate that the axis of maximum extension is in the northeast quadrant, suggesting 
that normal faulting would be favored along northwest-trending faults, as inferred for the RMA/Derby 
source zone. Based on these data and interpretations, the sense-of-slip models and their relative 
weights are the following: normal (0.4), reverse (0.3), and strike slip (0.3). Clearly, there is 
considerable uncertainty in this assessment. Slightly greater weight is given to the normal faulting 
model because it is consistent with the regional tectonic stress field. 

Geometry. In their discussion of the 1960's Rh4A earthquakes, Kirkham and Rogers (198 1) cite 
the U.S. Geological Survey study-by Healy and others (1966) indicating that 62 earthquakes 
recorded over a 2-month period in January and February of 1966 occurred in an N60W-trending 
ellipsoidal zone about 10 km long and 3 km wide. The earthquakes in this zone ranged from 5 to 
6 krn depth. It was inferred that these earthquakes were defining the active part of a fault or fracture 
zone, which Kirkham and Rogers (1981) refer to as the Rocky Mountain Arsenal fault. Healy and 

\ e others (1968) pointed out that two lines of evidence point toward a tectonic origin for the 
earthquakes in the area: (1) the pre-1967 earthquakes have a frequency-magnitude relationship 
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similar to that found in tectonically active areas, and (2 )  the distribution of earthquakes, consistent 
fault plane solutions, and presence of fracturing in cores from the borehole suggest a zone of vertical 
fracturing. The fault-plane solutions (Healy and others, 1966, 1968) indicated right-lateral strike- 
slip movement on a near vertical fault plane. 

Other sources of information (Hsieh and Bredehoeft [1981]; Hermann and others [1981], and 
Bollinger and others [ 19831) make little mention the existence of a fault associated with the RMA 
earthquakes. Hsieh and Bredehoeft (1981) use a map of epicenters to define an elliptical zone about 
10 km x 3 km with a trend of about N55W. The location of their source, based on epicenters, is 
north of the RMA injection well. 

Hermann and others (1981) conducted surface wave analysis for earthquake events that occyred 
in April, August, and November of 1967 and joint hypocentral relocation studies for 289 
earthquakes recorded between 1967 and early 1969. The surface wave studies showed T- and P-axis 
orientations indicative of normal faulting. The foint hypocentral relocation studies did not yield a 
definite fault plane, but defined a hypocenter pattern trending N50W with most events occurring 
about 5 km northwest of the injection well and at depths of 3 to 8 km. While the joint hypocenter 
relocation studies did not clearly define a fault plane, clustering of hypocenters provided weak 
evidence for a southwest-dipping fault plane above 5 km and a vertical to slightly northeast dipping 
fault plane below 5 km. A review of microearthquake data and simulation of seismoscope traces 
performed in this study also support the interpretation of a northwest-trending normal fault. 

The available evidence can be used to develop two alternative geometries for the RMA/Derby 
source zone. The dimensions of the zones are derived from the epicentral location of earthquakes 
recorded from 1902 through 1989, excluding the seismicity considered to be resultant of high 
pressure fluid injection. Earthquake events from 1981 through 1984 and most of the 1967 and 1968 
events fall within a relatively tight zone that trends to the northwest. This elliptical pattern of- 
earthquake epicenters is given as Geometry 2 in Figure D- 29. This is our preferred zonation and 
receives a 0.7 weighting for the hazard model. The remainder of events within the zone given as 
Geometry 1. Because this zone is controlled by some older poorly located earthquakes (e.g., the 
1902 earthquake on the north end whose location is indicated to be at the degree). This alternative 
geometry is given a weight of 0.3. 

Maximum Earthquake Magnitude. Maximum earthquake magnitudes are estimated for the 
W r b y  source zone based on considerations of possible rupture areas, defined from the pattern 
of seismicity, as well as considerations of the absence of surface expression. Two alternative 
maximum depths are considered: 8 Ian, which is the approximate maximum depths of well-recorded 
seismicity; and 15 km, which is the average maximum depth of seismicity in the region. Higher 
weight is given to the 15 km (0.7) because, if the source is a seismogenic source, it will likely have 
maximum downdip dimensions that are comparable to those of estimates of the thickness of the 
seismogenic Crust regionally. 

0 ( 

A critical observation in the assessment is the absence of geomorphic or geologic evidence for 
Quaternary faulting. Reconnaissance following the earthquake swarms did not find evidence for 
surface rupture. Available evidence suggests that the Quaternary alluvial terrace deposits are not 
disturbed by faulting in the RMA/Derby source zone area, with the possible exception of a 20 foot 
'step' in the pre-Wisconsin (about 115 ka) Broadway terrace. This 'step' is not a scarp (occurs over 
a horizontal distance of about 2,000 feet) and is present only along a short part of the zone of 
observed seismicity. 

As shown on the logic tree for the RMA/Derby source zone (Figure A-21), the assessment of i 
maximum earthquakemagnitude is made conditional on which geometry is assumed. As discussed 
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previously in the context of the Walnut Creek fault, the absence of surface faulting and surface 
expression suggests that the maximum magnitude should lie between 5 1/2 and 6 1/2. The maximum 
length of the zone in Geometry 2 is about 15 km, which is compatible in length with ruptures of about 
magnitude 6 (see Wells and Coppersmith, 1994). Therefore, assuming Geometry 2, the maximum 
magnitude distribution for the RMA/Derby source zone is 5 i/2 (0.2), 6 (0.6), 6 1/2 (0.2). Assuming 
Geometry 1, the maximum dimension of the source zone is about 30 km. Although the observed 
seismicity does not suggest a continuous fault along this length, a low probability scenario is allowed 
that would imply the rupture of this entire 30 km length and would result in a magnitude 6 3/4. This 
scenario is given a low weight of 0.1. The combination of the low weight (0.1) for this magnitude 
with the low weight assigned to Geometry 1 (0.3) results in a very low weight (0.03) for the 6 3/4 
maximum magnitude estimate. The maximum magnitude distribution assuming Geometry 1 is the 
following: 5 1/2 (0.2), 6 (OS) ,  6 1/2 (0.2), 6 3/4 (0.1). 

Recurrence Approach 

The assessment of earthquake recurrence for the RMADerby source zone is uncertain. Two 
approaches are considered: the use of observed seismicity to constrain recurrence rates, and estimated 
fault slip rates. These two approaches are given equal weight (0.5). The assessment of the 
recurrence rate for the RMA/Derby source zone using observed seismicity data is discussed in 
Appendix D and includes the removal of events that are assessed to be related to injection. To 
evaluate recurrence using fault slip rate, slip rates for the source were estimated, as described below. 

Fault Slip Rate 

Because the RMA/Derby source zone is not coincident with a known mapped fault, there are no 
direct geologic data fiom which to evaluate the fault slip rate. However, estimates can be made based 
on observations of the geomorphic expression of the possible causative fault. De Voto (1968) 
identified a 20 foot (6 meter) 'step' in the Broadway terrace that he postulated could be related to 
faulting. Assuming an approximate age of 115,000 yr for the Broadway terrace, the derived slip rate 
would be 0.06 &yr. An alternative estimate of slip rate is the estimated rate of the Walnut Creek 
fault, 0.002 mdyr. This rate is believed to be credible for the RMA/Derby source because it is a rate 
that appears to be compatible with faulting at a rate low enough to preclude geomorphic expression. 
Because the evidence for possible deformation of the Broadway terrace is equivocal and is limited 
to a single location (Le., no geomorphic evidence for faulting is noted along most of the trend of the 
RMA/Derby source zone), a lower weight is given to the slip rate based on the 20 foot displacement 
(0.3) and a higher weight is given to the rate compatible with an absence of surface expression (0.7). 

Denver Basin (Regional Source I) 

The RFP site lies within the Denver Basin regional source (Figure A-23). The configuration of this 
areal source is drawn according to the outline of the Denver basin depicted in the Petroleum 
Information Corp. Oil and Gas map of the United States (1983). The unconformable contact 
between Pennsylvanian and Ordivician age sediments defines the structural contour of the basin 
boundary (Anderman and Ackman, 1963). The deepest portion of the basin lies along a synclinal 
axis directly adjacent and parallel to the range front of the Rocky Mountains. Late Cretaceous 
subsidence of the basin accompanied uplift of the Colorado Front Range and therefore the basin 
likely represents a foreland basin to the Laramide contractional orogen. 

The level of seismicity with the Denver Basin source has been low during the historical and 
instrumental period. The majority of seismic activity within the Denver Basin Source occurs in the 
Denver area and scattered along the &tern range front of the Front Range. Most of the earthquake 
activity in the Denver area is related to induced seismicity associated with waste disposal by well 
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injection at the Rocky Mountain Arsenal (discussed previously as the RMADerby source in this 
analysis). Several historical events located by intensity data occur at the southern end of the source. 
It is interesting to note that these events are located in the vicinity of two potentially Quaternary 
active faults, the Fowler and Cheraw faults (Kirkham and Rogers, 1981) that are nearly coincident 
with the southern basin boundary. 

Assessments of the location of the 1882 Colorado earthquake (Appendix C) conclude that it is 
unlikely that the earthquake occurred within the Denver Basin source. However, if the earthquake 
did occur in the source, it would be important to estimates of the maximum magnitude. The 
magnitude of the 1882 earthquake is defined by the following: 

. 

5.0 0.3 weight = 10% 
6.4 0.3 weight = 80% 
6.9 0.2 weight = 10% 

The assessment of maximum magnitude for the Denver Basin source is made as a function of 
whether or not the 1882 earthquake is assumed to have occurred within the Denver Basin source. 
If the 1882 earthquake is assumed to have occurred within the source, the maximum magnitude for 
regional Source I is assessed to be: 5 1/2 (0.3), 6 1/2 (0.6), and 7 (0.1). This maximum magnitude 
dismbution takes into account the uncertainties in the size of the 1882 event, as well as the apparent 
absence of signrficant Quaternary faults within the source (see discussion of the threshold of surface 
faulting in the Walnut Creek maximum magnitude description). If the 1882 earthquake is assumed 
to nat have occurred within regional source I, the maximum magnitude is assessed to be the 
following: 5 1/2 ( O S ) ,  6 (0.5). This maximum magnitude distribution is based on a consideration 
of the historical seismicity and the absence of significant Quaternary geologic structures. The 
largest historical earthquake within this source is magnitude 4.3 to 5.0. The Denver Basin source 
specifically excludes the fault sources in the site vicinity, the RMADerby source, the local areal 
source, as well as the Golden-Boulder fault. 

Eastern Rocky Mountains (Regional Source IT) 

The boundaries of the Eastern Rocky Mountains Source (Figure A-23) are drawn on the basis of 
both topographic and tectonic characteristics and generally conform to the Eastern Mountain 
Province of Kirkham and Rogers (1981). The western boundary is drawn along, but does not 
include, structures associated with the Rio Grande rift. To the north, where the rift is not present 
or is insufficiently defined, the boundary is drawn along the range front of the Medicine Bow 
Mountains and includes the Middle and South Parks. The eastern boundary is shared with the 
Denver basin and continues south along the eastern range front of the Rocky Mountains. The 
southeastern margin is drawn along the eastern boundary to the Rio Grande rift in the Sangre De 
Cristo Range and includes the Wet Mountains. 

Seismic activity in this source is very low and earthquake epicenters do not appear to be associated 
spatially with mapped faults within the range. As discussed in Appendix C, there is some likelihood 
that the 1882 Colorado earthquake occurred within this source. Therefore, the assessment of the 
maximum magnitude for regional Source I1 is made conditional on whether or not the 1882 
earthquake occurred within it. If the event is assumed to have occurred within the source, the 
maximum magnitude dismbution is assessed to be the following: 5 1/2 (O.l), 6 112 (0.8), 7 (0.1). 
This distribution approximates the uncertainties associated with the magnitude of the 1882 
earthquake. If the 1882 earthquake is assumed to n p ~  have occurred within the source, the maximum 
magnitude distribution is: 5 i/2 (0.2), 6 (0.6), 6 i/2 (0.2). The largest historical earthquake 
(excluding the 1882 event) is 3.6 to 4.3. The maximum magnitude distribution reflects the low 
magnitudes of historical earthquakes as well as the apparent absence of significant Quaternary faults, 
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such that earthquakes likely occur at or below the threshold of surface rupture (see Walnut Creek 
maximum magnitude discussion of the threshold of surface rupture). 

The Western Colorado/Rio Grande Rift Source (Regional Source III) 

The Western Colorado Source contains the Rio Grande Rift, the western Rocky Mountains and the 
Colorado Plateau. The eastern boundary (Figure A-23) is shared with the Eastern Rocky Mountains 
Source and the western, northern and southem boundaries are defined by the border of the state of 
Colorado. 

The majority of seismic activity in the state of Colorado is located within this source. Much of the 
seismicity is associated with the Rio Grande rift system in southern and south-central Colorado. 
There is a diffuse pattern of seismic activity in the Colorado Plateau with no apparent regional 
causative structure. The largest historical earthquake within this source is the 1882 Colorado 
earthquake or, if the 1882 event is not assumed to have occurred within the source, 4.3 to 5.0. 

) 

The Rio Grande Rift system contains abundant late Quaternary normal faults and it is possible that 
the extensional stresses that characterize this source could lead to reactivation of preexisting faults 
within other parts of the source. Because of the presence of major Quaternary faults and the 
likelihood that the 1882 earthquake occurred within this source, the maximum magnitude 
distribution assessed is assessed to be: 6 in (0.2), 7 (0.6), 7 in (0.2). 

The Great Plains Sources (Regional Sources IV & V) 

The Great Plains physiographic province lies east of the Rocky Mountains range front in the south 
and east of the Denver Basin in the north (Figure A-23). The province is divided into a northern 
and southern source in the state of Colorado at approximately 38'30" N latitude. The boundary 
between the northem and southern Great Plains sources is somewhat arbitrary; however the southern 
source represents an area of higher relief and exposure of bedrock at the surface. Only diffuse and 
minor earthquake activity is present in the southem source and is entirely absent in the northern 
source zone. The largest historical earthquake within this source is magnitude 4.6. 

Given the small historical earthquakes and the lack of mapped Quaternary faults, the maximum 
magnitudes for the Great Plains sources is 5 in ( O S ) ,  6 (0.5). 
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Figure A- 1. General seismic source characterization logic tree. 
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EXPLANATION 
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Figure 'A-2. Local seismic sources, Rocky Flats 
Plant, Colorado (refer to Figure A-12 for 
explanation of geology). 
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Figure A-3. Oblique aerial photograph of Rocky Flats Plant showing the approximate location of the Rocky Mountain Range Front fault c - 4 system (A) and the Walnut Creek fault (B). View is to the southwest. 
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Figure A-5. Pemissibl location of the Walnut 
Creek fault in  the area of East Gate, Rocky Flats 
Plant, based on the elevation of the 
MrocWallllviurn contact determined from boring 
logs. (See Figure A-9 for location.) 
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Figure A-7. Location of Dames & Moore's investigative trenches SWC- 1, S WC-2, and S WC-3, and 
location of the Walnut Creek fault according to EG&G (1992). (Modified from Dames & Moore, 
1981.) 
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k e a  map: U.S. Geological Survey, Loulsvllle, Colorado 7.5-mlnute 
quadrangle (1 957), 1 :24,000 scale, contour Interval 10 feet. 

Figure A-9. , h a t i o n  of topographic profiles A-As, B-B,, and C-C. across the Rocky Flats alluvial 
fan surface, and location of the Walnut Creek fault. 
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Figure A-12. Local geology in the 
Rocky Flats Plant, Colorado. (After 1 
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Figure A-13. Interpreted (top) and uninterpreted (bottom) deep seismic reflection profile from Coal 
Creek Canyon,at the range front through Rocky Flats Plant east to Indiana Street. (Modified from ' 
Ebasco, 1991.) (See text for discussion.) 
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Figure A-14. Logic tree for the Valmont fault. 
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Figure A-15. Photograph of the Valmont fault exposed in the N. 75th Street roadcut, Valmont, 
Colorado. Fault trends diagonally across the photograph from upper right to lower left and places 
Slocum-age alluvial gravel against Cretaceous Fox Hills Formation siltstone and overlying younger 
colluvium. View is to the northeast. 
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Figure A- 17. Geology of the Front Range Urban 
Corridor, Fort Collins to Colorado Springs, 
Colorado. (Modified from Tweto, 1975.) 
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Figure A-19. Profiles of the piedmont-mountain 
front junction and the Eocene erosional surface 
,projected onto the skyline profile of the Front 
:Range, from Lyons to Colorado Springs, 
‘Colorado. 
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Figure A-23. Regional seismic source zones, 
Rocky Flats Plant, Colorado. 
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APPENDIX B 

GEOMORPHIC ANALYSIS 

Geomatrix Consultants, Inc. 
San Francisco, California 

INTRODUCTION 

Studies concerned with seismic hazard typically rely on techniques and data bases that provide direct 
evidence of the recency, frequency, and magnitude of earthquake activity. These types of studies 
focus on geologic (geologic mapping, trenching of active faults, and dating of displaced strata), 
geophysical (seismic reflection and refraction, gravity, magnetics), geodetic, and seismologic data. 

Geomorphic analyses of landscape components (e.g. hillslopes, mountain fronts, drainage basins and 
stream networks) are employed to evaluate the relative tectonic activity of a region and in some 
cases, where direct evidence for earthquake activity (e.g. surface rupture of historical seismicity) 
appears to be lacking, can provide independent evidence that can be used to assess tectonic style and 
activity. The underlying assumptions for these analyses are as follows: geomorphic processes (e.g. 
fluvial incision, development of fluvial terraces, processes of landscape degradation and hillslope , 
modification) are sensitive to changes in physical parameters such as slope, relief, and climate; 
tectonic activity (e.g. faulting, folding, and uplift) can influence those processes; changes in the 
geomorphic processes are preserved and reflected in the character of the landscape over differing 
periods. For example, the sudden surface rupture associated with large magnitude earthquakes 
produces a scarp that has measurable relief and slope. Through time the scarp degrades in an 
orderly fashion so that careful measurements of scarp height and scarp slope can be used to estimate 
the age, frequency, and magnitude of faulting @ash, 1980,1986; Hanks et al., 1984; Hanks and 
Wallace, 1985; Menges, 1988; Hanks and Andrews, 1989). Other surface characteristics are 
affected by faulting such as deformation of the landsurface by folding or tilting. 

Earthquakes with very long recurrence may have little associated evidence of surface rupture and 
earthquakes that are associated with blind thrust faults have no evidence of surface rupture. 
However, these typesof faults may be associated with surface deformation that occurs in response 
to repeated, long-term deformation and fold growth or deformation of geologic strata at depth. The 
types of surface deformation above these types of faults include tilted and warped fluvial terraces, 
regions of pronounced topographic relief, altered drainages including abandoned streams, drainage 
reversals, changes in slope and sinuosity, and folded geomorphic surfaces (e.g. King and Stein, 
1984; Lin and Stein, 1989; Bullard and Lettis, 1989, 1993). Tectonic mountain fronts also exhibit 
physical characteristics indicating changes in the relative degree of tectonic activity along strike of 
range bounding faults. The morphology of mountain fronts, such as the sinuosity of the map view 
trace of the mountain front and deformation of known marker horizons along the mountain front, 
are useful tools for evaluating segmentation and the relative activity of fault segments. 
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Methods Applied in This Study 

Quaternary morphometric analysis of various landscape components were employed in this study 
to provide an independent check on assessments of Quaternary tectonic activity in the vicinity of 
the Rocky Flats Plant (RFP) that are based on a review of previously mapped faults in the region 
and literature discussing the active structures along the Colorado Front Range. 

Several types of analyses were applied, particularly in the vicinity of RFP to assess the recency of 
tectonic activity of the Walnut Creek fault (We) and the range front fault of the Front Range. 
Analyses included are the following: construction of regional slope maps to assess tilting or warping 
of the early Pleistocene Rocky Flats alluvial surface; construction of longitudinal and transverse 
profiles of the Rocky Flats alluvial surface to assess the character of the landsurface slope across 
mapped faults (constructed from topographic maps with a contour interval of 5 ft); analysis of 
drainage basin development across the fault; and detailed topographic profiling across the WCF 
using sophisticated surveying equipment. 

At the regional scale, two analyses were performed on the Front Range for purposes of assessing 
the relative tectonic activity along the Front Range fault system. Mountain front sinuosity was 
determined for the section from Colorado Springs to Fort Collins, Colorado to help in identifying 
mountain front segments and assessing relative tectonic activity. A second analysis combined the 
profiles of the skyline of the Front Range (highest elevations in the front range east of the 

, 

I 

Continental Divide), the piedmont mountain-front junction profile (the intersection between the 
range front and the piedmont), remnants of an Eocene-age erosional surface preserved in the Front 
Range (e.g., Scott and Taylor, 1986), and remnants of the Rocky Flats alluvial surface at the 
mountain front. The second analysis can be used in conjunction with the mountain front sinuosity 
to help identify mountain front segments and measure the relative amounts of long term uplift along 
the length of the mountain front. 

~ 

I 

~ 

I 
I GEOMORPHIC STUDIES OF THE WALNUT CREEK FAULT 

I Geomorphic studies were focused along the Walnut Creek fault (WCF) for-several reasons: 

I 0 proximity of the fault to RFP 

documented offset of the Pliocene Arapahoe Formation and possible displacement of the 
Quaternary Rocky Flats alluvium (EG&G, 1992) 

the Rocky Flats alluvium and associated surface is a useful datum that crosses the WCF. 
The age of the Rocky Flats alluvial surface is estimated to be 900 ka to 1.9 Ma based on 
soils development, age constraints on the Verdos alluvium containing the Pearlette 0 ash, 
identification of the Bishop ash, and alteration of magnetite (Machette, 1975; Scott, 1975; 
Machette and others, 1976; Van Horn, 1976; Mabee, 1978; Patterson, 1984; Miller, 1988). 
The duration of time represented by this surface is sufficient to capture potential movement 
on the WCF and estimate long-term slip rates. 

~ ' 0 
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Types of Geomorphic Studies Applied to the Walnut Creek Fault 

The types of geomorphic studies applied to the WCF are considered to be the most promising for 
obtaining information that could aid in the characterization of the WCF as a seismic source. The 
decision to use certain geomorphic techniques was based on experience with geomorphic analyses 
in a variety of tectonic environments. Because of the apparent low rates of tectonic activity, 
techniques that are best suited to the Rocky Flats area are similar to those used in areas of blind 
thrust fault activity (e.g. Bullard and Lettis, 1993) and the southeastern United States (Geomatrix, 
1993; Hanson et al., 1993). 

Geomorphic techniques used to assess the tectonic activity of the WCF included slope maps, profiles 
of the landsurface and streams, and drainage analysis. Slope maps and profiles of the landsurface 
and streams can provide indirect evidence for tectonic defommtion. Analysis of drainage basins also 
provides indirect, spatial evidence for potential tectonic activity through the measurement of stream 
morphology (e.g. stream slope and sinuosity). It is assumed that stream morphology is sensitive to 
changes in relief that force changes in stream slope, sediment/water discharge relationships, and 
stream sinuosity. Drainage basin characteristics such as overall slope, relief, and derivative products 
(e.g. relief ratio and hypsomemc integral) can reveal potential tectonic influences on drainage basin 
development such as basin oversteepening caused by tilting or uplift, or spatial differences in 
erosional development because of faulting or differential uplift. 

Slope maps and profiles of the Rocky Flats alluvial surface near RFP. The Rocky Flats alluvial 
surface and the unconformity between the Rocky Flats alluvium and the underlying Arapahoe 
Formation comprise near-uniform, east sloping surfaces from the west of RFP to east of RFP and, 
therefore, serve as unique, time horizons. A contour map of this unconformity (Figure B-1, top) 
was constructed because it was thought that if there were a strong tectonic signal associated with the 
WCF, it might manifest itself as an abrupt change in slope of the contact or as a discernible 
topographic anomaly. The subenvelope map (Figure B-2) is a topographic map of a hypothetical 
surface eroded to the level of second- or third-order and higher stream segments. Subenvelope maps 
are useful for identifjing areas that may be affected by fault activity (Bullard and Lettis, 1993; Golts 
and Rosenthal, 1993). 

The slope map of the base of the Rocky Flats alluvium (Figure B-1, top) was constructed by 
determining the elevation of the geologic contact from the existing 1:24,000-scale geologic map of 
the RFP area (EG&G, 1992) and constructing a topographic map of the elevations. For the slope 
map of the alluvial surface (Figure B-1, bottom), points of equal surface elevation were determined, 
plotted i n  map view, and contoured. The subenvelope map shown in Figure B-2 is constructed using 
the elevations of the second- and third-order of the stream segments. 

The map of the unconformity between the Arapahoe Formation and the overlying Quaternary units 
(Figure B-1, top) shows an abrupt change in orientation of contour lines along the trace of the WCF; 
the apparent step down across the fault continues southwest of the mapped trace of the fault. The 
slope of the Rocky Flats alluvial surface, however, does not show any obvious evidence of tectonic 
deformation. The subenvelope map (Figure B-2) shows an apparent alignment of topography along 
the trend of the WCF suggesting that the presence of the fault is recorded in the long-term history 
of the drainage development. 
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Longitudinal and transverse profiles of the Rocky Flats alluvial surface. Transverse profiles 
and longitudinal profiles of the Rocky Flats surface were constructed from 1:24,000 scale 
topographic maps available for the site area. The transverse profiles cross mapped faults (Spencer, 
1961; Trimble and Machette, 1979) in the Marshall Lake area and the longitudinal profiles crossed 
the Rock Creek fault and the WCF. 

The transverse profiles do not show unambiguous evidence for displacement of the Rocky Flats 
alluvial surface across the faults (Figure B-3). Topographic variation across some faults is opposite 
the relative sense of fault movement as mapped. For example, the apparent displacement across the 
North Gorham fault (Figure B-3a) probably reflects differential erosion of the Laramie Formation 
and the Fox Hills Sandstone. 

The longitudinal profiles of the Rocky Flats alluvial surface do not show obvious displacement 
across the Walnut Creek or Rock Creek structures (Figure B-4), in contrast to the results of the 
subenvelope map analysis that suggest the surface could be deformed. Because the contour interval 
of the topographic maps (5 ft) is likely insufficient to adequately assess the location and amount of 
deformation given the apparent low rate of activity, more detailed field profiles were measured 
using laser theodolite total station suweys. 

Detailed longitudinal profiles of the Rocky Flats alluvial surface. Data for the longitudinal 
profiles were collected by Geomatrix on October 14 and 15,1992, using a coaxial Wild T1600 Total 
Station surveying system. Distance and elevation measurements were taken at approximately 50- 
meter intervals at distances greater than 50 m from the WCF and every 5 to 10 meters in the 
immediate vicinity (less than 50 m) of the fault trace (projected to the surface from bedrock). The 
survey lines were tied into local elevation control bench marks. The location of the detailed field 
surveys is shown on Figure B-5 and the profiles areshown on Figures B-6 and B-7. 

Two profiles were measured across the projected trace of the WCF east of the plant site (Figure 
B-6). The west end of profile A-A' shows some topographic irregularities, but these are a result of 

modification and natural erosional degradation of the surface in the area where the fault is projected 
to cross the surface; the ability to discern clear evidence of tectonic displacement is limited. The 
east end of the profile (El-B') crosses perpendicular to the projection of the trace and shows a slight 
deflection in the surface (Figure B-6). The amount of possible vertical separation of the Rocky Flats 
alluvial surface across the fault.is less than 2 m suggesting a maximum long-term rate of 
displacement of 0.001 to 0.002 rn/ka. 

I 

mechanical disturbance of the ground surface rather than tectonic deformation. Because of surface I 

A third profile was measured across the WCF south of the RFP along the south divide of Woman 
Creek (Figure B-7, C-C'). The shape of this profile diverges from a smooth, sloping, planar surface. 
The surface has a concave up profile shape indicative of erosional modification. Localized 
irregularities in the profile topography are associated with headward extension of drainages into the 
Rocky Flats alluvial surface. In the area near the projection of the WCF, there is a step in the profile 
of the Rocky Flats alluvial surface of about 2 m that also suggests a long-term vertical slip rate of 
0.001 to 0.002 m/ka. Alternatively, it is possible to make a reasonable pick of the surface that 
allows for no deflection of the surface. a i 
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,@ In summary, detailed longitudinal profiles of the Rocky Flats alluvial surface in the vicinity of RFP 
(~ show little or no evidence of vertical displacement. Surface modification resulting from human 

activity and erosional processes has impacted the quality of the profile that can be obtained from 
detailed measurements of the topography of the surface. Despite the surface modification that has 
occurred, it is thought that the surface should be capable of preserving measurable evidence of 
surface deformation. The best resolution of tectonic deformation across the WCF that can be 
obtained, given estimates for the age of the Rocky Flats alluvium and maximum amount of apparent 
displacement of the Rocky Flats surface, is < 0.002 @a. 

Longitudinal profiles of Walnut Creek and Woman Creek. Longitudinal profiles of Walnut 
Creek and Woman Creek (Figure B-8) have distinctly different forms, but the form of both profiles 
shows change in the vicinity of the WCF. 

The Walnut Creek profile (Figure B-8, top) is convex up, in the upper part of the profile suggesting 
a depositional sediment wedge in the upper stream system. In the vicinity of the projection of the 
WCF to the surface, the profile form is convex-up and the dqwnstream portion of the profile has a 
less steep gradient. Both observations are consistent with a tectonic influence having the same 
relative sense of displacement (i.e., west-side up) as the mapped fault. An increase in relief west 
of the fault due to either surface rupture or fold deformation related to an active blind fault, most 
would likely result in local increases in surface slope and stream incision accompanied by a local 
increase in the stream gradient. As the stream adjusts to the increase in stream slope a sequence of 
fluvial responses occurs involving incision, transport of sediment through the oversteepened reach, @ and deposition in the downstream direction (e.g., Schumm, 1977; Ouchi, 1985; Burnett and 
Schumm, 1983). Unfortunately, there has been abundant surface disturbance and modification of 
the Walnut Creek valley and this casts doubt on the sigmficance of the deflection in the longitudinal 
profile. 

The longitudinal stream profile of Woman Creek (Figure B-8, bottom) on the other hand has a 
smooth, concave up shape consistent with a stream that is in a condition of dynamic equilibrium 
(e.g., Mackin, 1948; Hack, 1960,1976; Schumm, 1973,1976; Bull, 1991) with the exception of a 
short, convex-up section of the profile located in the vicinity of the projected trace of the WCF. The 
presence of the convexity may be explained by one or more of several possibilities such as changes 
in  bedrock, man-induced disturbance of the valley floor (e.g., construction of dams and ponds), 
sediment transport processes operating throughout the drainage basin (can be affected by climate 
change or changing patterns of landuse), or tectonic influence. Bedrock is considered to be uniform 
in this area and is not thought to influence the shape of the profile. Human disturbance of the valley 
floor of Woman Creek is much less than in Walnut Creek, especially in the reach where the most 
pronounced convexity occurs. The presence of a depositional lobe of sediment forming a convexity 
in the profile cannot be ruled out, although the location and size of the convexity is in marked 
contrast to the convexity seen in the Walnut Creek longitudinal profile. Both drainage systems have 
similar shapes, basin sizes, and relief, and should be expected to have similar types of fluvial 
responses to changes in climate or sediment discharge unless one basin is characterized by a special 
condition that results in the production and delivery of excessive quantities of sediment, relative to 

( 
I 

I 

stream discharge, to the trunk stream. 
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The slopes of stream segments were determined across the WCF to assess the possibility of tectonic 
influence. The slopes of all tributary stream segments of Walnut Creek (average slope of all 
segments = 0.1744 m/m) are, in general lower than the stream segment slopes of Woman Creek 
(average slope of all segments = 0.2493 d m ) .  There is no apparent difference in stream slopes for 
north-flowing or south-flowing segments for either Walnut Creek or Woman Creek. The average 
slope of Walnut Creek is 0.0277 m/m upstream of the trace of the WCF and 0.0164 m/m 
downstream from the fault (Figure B-8, top). The average slope of Woman Creek ranges from 
0.0306 m/m in the headwater reaches, to 0.0250 m/m just upstream of the WCF, to 0.0224 m/m just 
downstream of the fault, to 0.0206 m/m in the downstream reaches (Figure B-8, bottom). In 
general, the slope of Woman Creek is more variable than the slope of Walnut Creek. 

The average slope of all stream segments for Walnut Creek subbasin 1 and subbasin 2 (Figure B-9) 
is 0.0397 m/m and 0.0460 m/m, respectively. The average slope of the main stream of subbasin 2 
(0.0586 m/m) is steeper than the average slope of the subbasin 1 mainstream (0.0247 m/m). This 
difference in stream slope for these two small basins located on opposite sides of the WCF probably 
reflects their location in the landscape and difference in basin size. 

Summary of Slope Analysis, Topographic and Longitudinal Profiles 

In summary, the slope map analysis, topographic profiles of the Rocky Flats alluvial surface, and 
longitudinal stream profiles provide inconclusive, and somewhat ambiguous results with regard to 
tectonic activity. However, the data do confirm that any tectonic displacement that might be present 
must be occurring at extremely low slip rates--of the order of mm/yr. The most compelling 
evidence for recent tectonic activity is the deflection of contours of the subenvelope map, deflection 
of the Rocky Flats alluvial surface across the WCF, changes in stream slope across the WCF, and 
a correspondence of stream profile anomalies in the same general area of the WCF. Interpretations 
of the data tend to give somewhat inconsistent results. For example, if the WCF is active, the Rocky 
Flats alluvial surface should preserve evidence of the most recent activity, better than the stream 
channel because of the less erosive force of the unconfined sheet flow across the landsurface than 
in the stream channels. The slope of the stream, hence channel profile, should adjust to minor 
tectonic disturbances that cause imbalances in the relationships of stream slope and stream discharge 
and quickly return to a graded condition. It is possible that rapid natural regrading of the Rocky 
Flats surface occurs because of the general noncohesiveness of the Rocky Flats alluvium, and a well 
developed soil which could promote overland flow capable of erosion and transport of surficial 
material. . 

(. 

The detailed study of stream slope, which is probably the most sensitive indicator of active tectonic 
deformation, provides ambiguous results. The fact that the stream profiles are not in a graded 
condition suggests that there has been an external influence (e.g., climate change) on the fluvial 
system that has forced changes in the internal system (e.g., drainage basin parameters) such that the 
stream is not in an equilibrium state with respect to sediment and water discharge. The larger stream 
systems that cross the WCF probably have sufficient stream power to erase the tectonic signal along 
the WCF. Walnut Creek is the same size as Woman Creek, but the basin is crossed by the fault near 
the basin outlet. The smaller drainages are much better suited to preserving a tectonic signal; 
unfortunately, none of the small mbutaries in the RFP area actually cross the WCF. 0 
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(a Drainage Basin Analysis Near the Rocky Flats Plant 

The assessment of drainage basin development in seismic hazard studies is a relatively new 
technique (e.g. Bullard and Lettis, 1989, 1993; Geomamx, 1993; Hanson et al., 1993). The 
erosional development of a drainage basin is related to available relief in a region and subtle, yet 
detectable differences in development can provide powerful indirect evidence for tectonic activity. 
For example, once the basic physical parameters of drainage basins are determined, such as length 
(L), area (A), perimeter length (P), relief (Hd, stream orders (M), numbers of stream segments (N), 
and total length of stream channels (Q, derivative products can be calculated and compared'among 
basins. Basin elongation (SJ and basin shape (Sa are both derived from basin area and basin length 
and provide an indication of the structural control on basin development. The relative perimeter 
crenulation (SJ provides a relative measure of the degree of development and amount of drainage 
divide dissection. Relief ratio (Rr) is derived from total basin relief and basin length and gives an 
indication of overall basin slope; for two basins of similar size, relief, underlying bedrock, and 
climatic influences, a large difference in relief ratio can be an indication of tectonic uplift or tilting. 
The hypsometric integral (HI) is a measure of the distribution of relief and volume in a drainage 
basin and repksents the erosional development of the drainage basin; large values of HI represent 
youthful drainage basins with high relief (perhaps as a result of tectonic uplift and rejuvenation), 
whereas lower values are indicative of low relief and large volumes of material removed from the 
basin (indicating long-term tectonic stability). Stream frequency (F) and drainage density @d) are . 
measures of the drainage network development and can be used to identify spatial variation in - -  
tectonic deformation of the landsurface. 

As a test of the potential usefulness of drainage basin analysis in the RFP area, two drainages were 
selected for study of their basin characteristics: Walnut Creek and Woman Creek (Figures B-9  and 
B-10). Two smaller tributaries of Walnut Creek (subbasin 1 and subbasin 2; Figure B-10) that are 
located on opposite sides of the trace of the WCF also were analyzed (Figure B-9). 

The premise for the study is that long-term tectonic activity on the WCF should be manifested in 
the development of drainages as streams adjust to tectonic deformation of the landscape. Because 

I 

I 

I 

of the presumed smdl amount of Quaternary tectonic activity on the WCF, based on about 10 m of 
displacement of the Pliocene-Quaternary contact, it was hypothesized that the larger drainage basins 

I 
I 

would have sufficient, available stream power (e.g. Bull, 1979, 1990, 1991) to counteract the low 
rate of tectonic deformation and, therefore, would not exhibit distinct drainage basin characteristics; 
whereas, smaller drainages on either side of the WCF would exhibit characteristics indicative of 
tectonic influence. In particular, the drainages developed on the upthrown block of the fault should 
have increased relief and exhibit signs of erosional youth in comparison to the drainages on the 
passive, downthrown fault block. 

- 
Drainage basins were selected from the 1:24,000-scale topographic maps for study. Digital 
elevation data was analyzed using Digital Elevation Models @EM) to delineate drainage basins 
(e.g. Mark, 1983; Marks et al., 1984; O'Callaghan and Mark, 1984; Franklin, 1987; Conners et al., 
1989; Gardner et al., 1990; and Sasowsky and Gardner, 1991). Software programs designed to 
automatically extract drainage basin parameters were applied to the DEM basins and derivative 
morphometric properties were obtained. Table B-1 summarizes the results of the drainage basin 
geomorphomemcs. 

[\ a 
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For Walnut Creek and Woman Creek (Table B-l), similar values exist for nearly all parameters and 
derivative products. Without additional drainage basin data from numerous other basins, it is 
impossible to determine if the differences in drainage basin parameters between the two basins are 
significant. On inspection of the data, it appears that there is little to no discernible difference in 
the drainage basin development of Walnut and Woman creeks. 

’ 

For the smaller subbasins, there are some differences in drainage parameters, but these are probably 
associated with differences in basin size. Differences in basin elongation and basin shape, relief 
ratio (indication of steepness), and hypsometric integral are apparent; however, none of the 
differences appears to be significant enough to warrant inferences about tectonic influence on 
drainage development. 

Drainage basin asymmetry is a relatively quick method of evaluating the impact of tectonic tilting 
on the position of streams within a drainage basin. Drainage networks typically develop symmetric, 
leaf-shape patterns. Measurements of the drainage basin area to the left and right of the trunk stream 
are similar for a symmetric basin. Drainage basins that develop in regions of active tectonics often 
will have trunk streams that are displaced to one side of the basin if tilting is predominant. These 
types of basins have unequal areal measurements to the left and right of the trunk stream and are 
termed asymmetric. Basin asymmetry can also be produced in areas of pronounced structural 
(bedrock folds or faults) or lithologic influence and where fluvial conditions of tributaries cause the 
trunk stream to be displaced toward one side of the drainage basin. In the RFP area, bedrock 
conditions and structural control are considered to have little to no impact on the basin asymmetry. 

The results of basin asymmetq analysis in the RFP area are indicated on Figure B-loa and b. The 
overall asymmetry of the Walnut Creek basin, which is expressed by the leftmost arrow shown on 
Figure B-10% is very slight to the northwest (-5% from symmetric). The adjacent tributary basins 
show asymmetry in opposing directions suggesting that conditions other than tectonic probably 
influence drainage development. For example, drainages may have developed on a paleodrainage 
of an ancient surface. A third tributary shows no asymmetry (straight line, most northern and 
closest to the WCF). 

The overall asymmetry of the Woman Creek basin is expressed by the middle north-pointing arrow 
of Figure B-lob. The arrow in the headwater region of Woman Creek basin indicates that this 
portion of the trunk stream (treated as a subbasin) actually is asymmetric to the south. Similarly, 
the arrow in the lower reaches also indicates asymmetry to the south, suggestive of south-directed 
tilting. In light of the location of the WCF, the change in the direction of asymmetry across the fault 
may be suggestive of differential tectonic tilting of the basin across the fault. 

The hypsometric curves (Figure B- 1 1) for Walnut Creek and Woman Creek show differing shapes 
suggesting differences in the erosional development in the basins despite having similar values for 
their basin attributes. The curve for Walnut Creek shows a concave upward curve characteristic of 
a drainage basin in a mature stage of development; nearly as much material has been removed from 
the basin as remains. The curve for Woman Creek, on the other hand, has a convex upward shape 
indicative of more material remaining in the basin than has been removed through erosion. The 
reason for this discrepancy in hypsometry for these two basin is unknown. Postulated causes for 
the differences are: the Woman Creek drainage basin is younger than the Walnut Creek drainage 
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basin; the Walnut Creek drainage basin developed more rapidly than the Woman Creek basin; 
Woman Creek basin is being rejuvenated by active tectonics and is not able to erode as fast as uplift 
is occumng. The first possibility is judged not likely based on field observation of landscape 
elements (e.g., terraces, stable slopes) that indicate that the two basins are of similar age. The 
second, that Walnut Creek erodes more rapidly is difficult to evaluate, but based on geologic maps 
and field observations, there appear to be few differences in external conditions. The third 
hypothesis, that tectonic activity is responsible is possible since Woman Creek is bisected by WCF, 
whereas the fault passes very close to the outlet of Walnut Creek. The Woman Creek basin could 
be expkriencing tectonic uplift or warping across the central basin axis that could result in erosion 
jukt upstream of the fault and deposition just downstream with little or no net basin degradation. 
Walnut Creek basin is contained entirely in the hanging wall block of WCF and could respond by 
continual downcutting and erosion in response to uplift. 

In summary, the drainage basin development studies were not conducted over a sufficiently large 
area to provide a range in coverage to determine if there is statistically significant spatial variation 
in drainage basin parameters that would indicate tectonic influence on drainage evolution. Drainage 
basin hypsometry reveals some interesting differences in the Walnut Creek and Woman Creek 
drainages, but these differences are difficult to interpret. Regardless of the origin of the driving 
forces, if they are tectonic, they have a very low signal to noise ratio and the signals that may be 
tectonic in origin are not considered to be characteristic of highly active tectonic features. 

The Colorado Front Range is well-suited for studies of the tectonic geomorphology of the range 
front for several reasons. The range front is the demarcation between two major structural and 
physiographic domains and lithologic characteristics along the range front are readily discerned and 
can be factored into interpretations of results. In addition, studies of the Rampart Range fault 
(Dames & Moore, 1984) and the Golden fault (Kirkham, 1977; Kirkham and Rogers, 1981) suggest 
that the Front Range fault system is probably the most important tectonic feature in this region. The 
map view expreision of the range front indicates a good potential for using mountain front sinuosity 
as an indicator of relative tectonic activity along the range front. Existing maps of the geology of 
the Front Range urban corridor from Colorado Springs to Fort Collins (Colton, 1978; Trimble and 
Machette, 1979% b) and the late Eocene erosional surface along the Front Range (Scott and Taylor, 
1986) provide additional information from' which to evaluate relative tectonic activity along the 
mountain front. 

Mountain Front Sinuosity 

\ 

The map view expression of mountain fronts provides information that can be used to quickly assess 
the general structural framework (Le. segmentation) and spatial variation in the relative tectonic 
activity of mountain fronts. The linearity, or sinuosity, of mountain fronts has been shown to be 
directly related to tectonic activity along range bounding faults (Bull and McFadden, 1977; Bull, 
1984; Menges, 1988; Menges et al., 1987). The sinuosity of mountain fronts is considered to a represent the relative magnitude and rate of tectonic activity on range front faults: the most 
tectonically active faults have rates of uplift that exceed the rate of erosional modification and ( 

1 
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therefore preserve linear mountain fronts as an erosional expression of the causative structure; the 
least tectonically active mountain fronts have uplift rates that are less than the rates of erosional 
modification such that the mountain front is actively eroded and a sinuous, map-view pattern 
develops. 

The sinuosity of mountain fronts (Smj) can be measured quickly. The intersection of the mountain 
front with the piedmont is delineated on topographic maps. The definition of the piedmont 
,mountain-front junction is dependent on the map scale and contour interval. The intersection is 
taken as the major topographic change in slope between the piedmont and the mountain front. 
Typically, a few topographic profiles are constructed to observe the piedmont mountain-front 
junction between the map and the profile. Then the intersection is visually located and traced on 
the topographic map. The map view length of this line of intersection is measured with a digitizer 
and this length is divided by the chord length of the mountain front outboard of the range bounding 
fault. Mountain front segments are defined on the basis of gross morphological characteristics such 
as continuity, consistency in trend, and general linearity. Smaller, individual mountain fronts are 
then delineated to further characterize the larger segment. Relative tectonic activity classes can be 
assigned for the groupings of Smf(e.g., Bull and McFadden, 1977; Menges and others, 1987; Wells 
and others, 1988). 

The analysis was performed at a reconnaissance-scale level to determine the potential for further 
investigation. The piedmont mountain-front junction was determined from 1 : 100,OOO scale 
topographic maps. Because of the scale dependence of the analysis, and the use of small-scale maps, 
classes of relative tectonic activity were not assigned. 

Figure B-12 and Table B-2 present the results of the Smf study. Figure B-12 shows that the 
mountain front can be divided into four primary segments: the Fort Collins-Boulder (FCB) segment, 
the Boulder-Golden (BG) segment, the Golden-Air Force Academy (GAFA) segment and the Air 
Force Academy (AFA) segment. The histogram above the map view shows the spatial distribution 
of Smf values along the range front; the width of each block represents discrete mountain fronts. 
The FCB and GAFA segments are characterized by Smfvalues > 1.2 with the exception of mountain 
fronts 11 and 14 in the FCB segment. These two mountain fronts have Smfvalues of 1.14 and 1.03, 
respectively; they are considered artificially low values because of inherent problems in 
identification of the mountain front where the Mesozoic and Paleozoic rock section outcrops 
prominently along the mountain front The low Smfof the AFA segment (1.05) is thought to reflect 
the higher degree of relative tectonic activity along the Rampart Range fault. The BG segment has 
a comparably low Smf(1.08) and is statistically distinct from the adjacent FCB and GAFA segments 
(Table B-3). Since the AFA segment consists of a single mountain front, it is not possible to make 
a statistical comparison with the other segments. The low Smfof the AFA segment is suggestive 
of relatively high tectonic activity. The implications are that the BG segment and AFA segment are 
the most tectonicalfy active segments of the Front Range. 

Range Crest/Piedmont Mountain-Front Junction Profiles 

Profiles of the range crest (RC) of the Front Range and the piedmont mountain-front junction 
(PMFJ) provide graphic representations of the spatial variation in topography along the range. In 
a tectonic environment characterized by uniform uplift rates, the range crest and the topographic 

\ 
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expression of the intersection of the piedmont and the mountain front should be parallel and near- 
horizontal lines. If there is spatial variation in rates of tectonic activity, the RC and PMFJ should 
vary from horizontal lines, but should maintain a certain degree of parallelism unless significant 
active tectonic elements are present between the range front and the range crest (Le. interior 
mountain fronts). 

Profiles of the RC and PMFJ were constructed from 1:1oO,OOO scale topographic maps from 
Colorado Springs to Lyons. The procedure for defining and delineating the PMFJ is the same as 
described for mountain front sinuosity. Elevations of the RC and PMFJ were projected onto a 
common plane for preparation of Figure B-13. The elevations of remnants of the late Eocene 
erosional surface at the -tern margin of the Front Range, determined from Scott and Taylor (1986) 
and remnants of the Quaternary Rocky Flats alluvium determined from the geologic maps of the 
Front Range Urban Corridor (Colton, 1978; Trimble and Machette, 1979a, b) were also projected 
onto the same plane in order to assess if known time horizons have been affected by tectonic 
deformation. 

Figure B-13 shows that the RC and PMFJ, for the most part, rise and fall in parallel. The highest 
part of the range crest and piedmont occur in similar places which correspond to the segment of the 
mountain front with the lowest sinuosity (highest relative tectonic activity). Sharp breaks in the RC 
and PMFJ topography roughly correspond with defined subsegments of the mountain front (Figure 
B-12, Table B-2). The RC and PMFJ elevations decline near the South Platte River and continue 
to decline until reaching the BG mountain front segment. At the BG segment, the RC and PMFJ 
increase in elevation to the north and then decline again north of Boulder. The projections of the 
Eocene erosional remnants and the Rocky Flats alluvium also mimic the RC and PMFJ topography 
indicating that the RC and PMFJ are deforming together. The elevation of the Eocene erosional 
surface along the east margin of the Front Range is highest between the southern segment south of 
the South Platte River and the segment between Boulder and Golden. These topographic 
relationships substantiate the findings of the Smf studies that indicate the BG segment and the 
segment south of South Platte segments as the most tectonically active. 

Summary of Regional Studies 

In summary, the regional tectonic geomorphology studies of Smf and RC-PMFJ profiles help 
identify mountain front segments and show a distinct spatial variation in the relative tectonic activity 
along the Front Range from Colorado Springs to Fort Collins. Smfstudies show that the mountain 
front is segmented into four major segments. The segment in the vicinity of the Rocky Flats Plant 
(BG) is statistically distinct from the adjacent segments and has characteristics similar to the Air 
Force Academy (MA) segment just noith of Colorado Springs. The RC-PMFJ profiles with 
projections of the late Eocene erosional surface and the Quaternary age Rocky Flats alluvium onto 
the RC-PMFJ profiles show similar apparent segmentation of the mountain front and the greatest 
topographic expression of the RC, PMFJ, the late Eocene erosional surface, and the Rocky Flats 
alluvium occurs along the same segments identified in the Smfstudy. It appears that there has been 
spatial variation in the relative tectonic activity of the Front Range since late Eocene time and 
through the early Quaternary such that the 0.9 to 1.8 Ma Rocky Flats alluvium has been deformed. 

. 
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SUMMARY OF THE GEOMORPHIC ANALYSES 

All four of the geomorphic analyses utilized, map analysis, field profiling, rnorphometrics of 
drainage basins, and tectonic geomorphology of mountain fronts, provide information that can be 
used to infer tectonic activity. At the local level in the vicinity of the Walnut Creek Fault (WCF), 
the results of the analyses are equivocal. The subenvelope map and map of the unconformity of the 
Rocky Flats alluvium and the Arapahoe Formation display anomalies along the WCF that suggest 
Quaternary fault activity. Map profiles of the Rocky Flats alluvial surface, a reasonably well- 
constrained early Quaternary datum, showed no clear evidence for tectonic displacement across the 
WCF. Detailed profiles of the Rocky Flats alluvial surface using sophisticated surveying equipment 
showed no evidence of vertical displacement across the WCF, within a resolution of about 1-2 
meters (due to landscape modification by human activity as well as natural erosion). Using these 
constraints on maximum surface displacement and the estimated age of the Rocky,Flats alluvium 
(0.9 to 1.9 Ma) yields a long-term maximum slip rate of 0.001 to 0.002 m a .  Longitudinal profiles 
of streams that cross the WCF show anomalous shapes in their profile and also are associated with 
changes in stream gradient across the fault. The anomalous shapes can be explained by tectonic 
activity, geomorphic responses to tectonic activity, or geomorphic responses to external influences 
other than tectonic activity. Drainage basin analysis show predictable results of very low resolution 
of differences in drainage development for basins on either side of the fault. Some results, such as 
basin hypsometry, show differences that can be explained by tectonic activity. Taken with the 
results of the longitudinal profiles of streams and surfaces, the hypsometry provides additional 
evidence to indicate that there are distinct differences between Woman Creek and Walnut Creek 
drainages that may be related to tectonic activity along the Walnut Creek fault. If the WCF is. 
active, the rate of activity is very low, and possibly below the threshold of detection using 
geomorphic criteria for recognizing surface deformation associated with tectonic activity. 

The regional geomorphic analyses of the range front of the Colorado Front Range provide 
independent, supportive evidence for tectonic segmentation of the mountain front. A coarse- filter 
analysis of mountain front sinuosity showed that there are statistically significant differences in the 
mountain front sinuosity for the segment west of the RFP and the segment along the Rampart Range 
fault. These results indicate only relative degree of tectonic activity; they cannot be used to estimate 
rates of activity without further detailed analysis and field checking of factors that can influence the 
outcome of the sinuosity measurements (e.g. bedrock and structural conditions). The profiles of the 
piedmont mountain-front junction, range crest, remnants of the Eocene erosional surface, and 
remnants of the Rocky Flats alluvial surface provide supportive evidence for the notion of tectonic 
segmentation of the mountain front. For this study, attempts to determine deformation rates based 
on the elevations of known strain gauges (Rocky Flats alluvium, Eocene erosion surface) are 
unwise. But in a general sense, the profiles show a distinct spatial variation in apparent tectonic 
activity along the mountain front. The most active segment is in the region of the Rampart Range 
Fault. In the vicinity of RFP, the tectonic activity appears to be greater, and perhaps more complex, 
than adjacent areas. 
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TABLE B-1 

SUMMARY OF DRAINAGE BASIN GEOMORPHOMETRICS IN THE ROCKY FLATS PLANT AREA 

B a s h  Aspmt L A P s, s, H b  Rr HI M N c, F Dd 
(%I otm) otm3 (km) s. (m) Otm) 

Walnut Creek ENE (64) 6.6 8.3 16.3 32.0 0.438 0.192 178 0.027 ,0.487 71 141 36.8 16.9 4.4 

22.2 4.8 Woman Creek ENE (50) 6.7 7.0 16.7 40.2 0.391 0.153 198, 0.029 0.568 78 155 33.8 

Walnut Creek ESE (1 10) 2.5 1.34 6.1 28.1 0.472 0.223 86 0.035 0.597 10 19 6.1 14.1 4.5 
Sub 1 (west of 
fault) 

Walnut Creek ESE (110) 1.2 0.69 3.5 17.4 0.674 0.454 83 0.067 0.488 6 11 2.7 15.8 3.9 w Sub 2 (east of 

Walnut Creek 0.1744 d m  
Woman Creek 0.2493 m/m 
Walnut Creek Sub 1 0.0397 m/m 
Walnut Creek Sub 2 0.0460 d m  

EXPLANATION 
Aspect: 
L: 
A: Basin area 
P 
S,: 
S,: 
S,: 
H,: 
Rr: 
HI: 
M: 
N: 
C,: 
F 
D,: 

Measurement of the dominant slope exposure direction 
Basin length, measured in straight line from fanhest point in basin to the basin outlet 

Basin perimeter length measured along the drainage divide 
Relative crenulation of basin pcrimeter: P‘/A 
Basin elongation: A”& allows assessment of lithologic or tectonic influence on drainage development 
Basin shape: A&’; allows assessment of lithologic or tecionic influence on drainage basin development 
Basin relief grtatest elevation within the basin minus the elevation at the basin outlet 
Relief ratio: L/H,: provides a measure of overall steepness of the basin 
Hypsometric integral: measure of the erosional development of a drainage basin 
Shreve magnitude: method of ordering stream networks; provides the number of tributary branches upstream from any point in basin 
Total number of stream segments in the basin 
Total length of stream channels in the drainage basin 
Drainage frequency: the number of stream channels per unit area: F = (2M-l)/A 
Drainage density: the length of s m m  channel per unit area of drainage basin: Da = qk provides a measure of s t m  network development in a drainage basin 

. .  



TABLE B-2 
SUMMARY OF MOUNTAIN FRONT SINUOSITY OF THE COLORADO FRONT RANGE 

FROM COLORADO SPRINGS TO FORT COLLINS 

L d  Ls S m l  Mountaln Front Segment 
Number 

1 Air Fora Academy 21.929 20.817 1.053 (MA) 

Golden-Air Fora Academy (GAFA) [mean Smf  = 1.2731 

Boulder-Golden (BG) . [mean Smf  = 1.0871 

16.364 

13.170 

20.085 

19.523 

16.491 

5.325 

13.164 

10.784 

15.013 

14.333 

13.580 

4.23 I 

1.243 

1.221 

1.338 

1.362 

1.214 

1.258 

8 

9 

9.542 

6.384 

8.690 

5.934 

1.098 

1.076 

[mean Smf;= 1.1991 
Fort Collins-Boulda (FCB) 

20.61 I 1.305 

10.866 9.555 1.137 

10 26.903 ’ 

11 

12 

13 

14 

23.365 

4.623 

1 1.520 

18.598 

3.739 

11.221 

I .256 

I .236 

1.030 

8.479 8.432 I .228 15 

EXPLANATION 

Lmf 
Ls 
Srnf Mountain front sinuosity: LdLs 

Length of the mountnin front measured from 1:100,ooO topogrnphic maps 
Chord length of the mountain front measured outside of the range block 

See Figure B-12 for locations of mountain front scgmmu and rrubscgmenu. 

,--. 
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GAFA 

BG 

FCB 
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GAFA BG FCB 
--- 

Reject H, --- 
Accept H, Reject H, --- 

TABLE B-3 
SUMMARY OF WILCOXON TWO-SAMPLE TEST FOR INDEPENDENCE 

OF SAMPLE MEANS FOR MOUNTAIN FRONT SINUOSITY 

€&: e, = e2 the mean sinuosity of the mountain front segments are the same 

HI: + *, the mean sinuosity of the mountain front segments are not the same 

w: 
The Wilcoxon two-sample test for determining independence of sample means is a nonparametric statistical 
test that is commonly applied to hypotheses concerning geologic data (Davis, 1986). The test is a powerful 
alternative to parametric statistical tests when sample sizes are small or there are no required distributional 
assumptions about the underlying population (Siegel, 1956; Hines and Montgomery, 1980). For many 
situations, the two populations being studied do not even approach a normal distribution. so the parametric 
t-test is not valid. But if the two populations are normal, the Wilcoxon two-sample test is almost as efficient 
as the t-test. 

\ -  
For this particular application, the test is used to substantiate the observation that morphological differences 
are apparent in the mountain fiont from Colorado Springs to Fort Collins. The null hypothesis (&) states that 
the mean sinuosity of mountain front segments are the same. If the criteria for rejection of the null hypothesis 
are met, then the alternative hypothesis (HI), which states that the mean sinuosity of mountain front segments 
are not the same, must be accepted. The test is simple yet powerful and lends support to arguments concerning 
the relative tectonic activity of the mountain front as expressed by its morphology. 

The procedure is as follows (from Hines and Montgomery, 1980): Two samples, n, and n2 are taken and the 
n, + n, observations are arranged in ascending order and ranked. If two or more observations are tied, use the 
mean of the ranks that would have been assigned if the observations differed. Let R, be the sum of the ranks 
in the smaller sample, and define 

R, = n,(n, + n2 + 1) - R, 
If the sample means do not differ, then the sum of the ranks should be about equal. If the sum of the sample 
means greatly differ, it could be concluded that the means are not equal. Statistical tables provide the critical 
value (R*,). The null hypothesis is rejected is either R, or R, is less th-an or equal to the critical value. When 
the samples sizes n, and n2 are large, the sampling distribution of R, approaches a normal distribution. For 
this study, the sample sizes were small and the procedure shown above was used. 

The above table gives the results of the testing between mountain front segments. The Air Force Academy 
segment (segment AFA of Figure B-12) could not be tested because the segment is comprised of one mountain 
front, which is an insufficient sample size for the statistical test. 

(., - 
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Figure B-1. Contour map of the unconformity between the Rocky Flats alluvium and Arapahoe 
Formation (top) and contour map of the Rocky Flats alluvial surface (bottom). Both maps based 
on 1:24,000 scale geologic map (EG&G, 1992) of the Rocky Flats Plant and vicinity. 
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EXPLANATION ~ 
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Figure B-2. Subenvelope map of the Rocky Flats Plant area. 



NW 

9217-COO-204, Rev. 0 

Crown- Davidson 
Mesa fault 

Fox and \ A 

SE 

W. Fox - 5700 
faults - 5600 

- 5500 
-Lake Mesa fault . 

A. 

N. Gorham fault N. Lake Mesa fault 

f O:” 0 1 m  

Rock Creek - 5800 
- 5700 

B. 

Rock Creek fault 

C 
n Rock Creek = 

.J w 

Walnut Creek 

- 5900 - 5800 

i 

Woman Creek 
E. 

0 10o0 meters - 
0 4Ooo feet 

Figure B-3. Topographic profiles across (transverse) the dissected Rocky Flats alluvial surface 
across the Marshall fault zone (top), the Rock Creek fault (middle two profiles), and the Walnut 
Creek fault (lower two profiles). Inset map shows location of profiles. Vertical scale is exaggerated 
about 8 times the horizontal scale. 
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Figure B-4. Longitudinal profiles of the Rocky Flats alluvial surface from USGS. 1:24,0o0 scale ' topographic maps (Louisville, 1957; Eldorado Springs, 1965), 10- and 40-ft contour intervals. 
Vertical scale is exaggerated approximately 8 times the horizontal scale. 
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(\ Figure B-5. Location of Walnut Creek fault and topographic profiles A-A,, B-B., and C-C. across 
Rocky Flats alluvial fan surface. Profiles shown on Figures B-6 and B-7. 

\ 
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Figure B-6. Profiles A-A. and B-B- of the Rocky Flats alluvial fan surface-to the east of the Rocky Flats Plant facilities. Profile 
locations shown on Figure B-5. Vertical scale is exaggerated approximately 50 times the horizontal scale. 
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Figure B-7. Profile C-C, of the Rocky Flats alluvial fan surface south of Woman Creek. Location of profile is shown on Figure B-5. 
Vertical scale is exaggerated approximately 50 times the horizontal scale. 
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Figure B-9. Map showing,the location of the drainage basins selected for study. 
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Figure €3- 10. Drainage basins and stream networks generated from Digital Elevation Models. 
StTeam net for Walnut and Womhn creeks shown in white; stream nets for subbasins shown in blue. 
White arrows show direction of basin asymmetry; line without arrow herd indicates a symmetric 
subbasin. Drainage basin parameters are defined in the text. a, 
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APPENDIX C 

REEVALUATION OF THE EPICENTER AND MAGNITUDE 
FOR THE 1882 COLORADO EARTHQUAKE 

by 

G.A. Bollinger 
Buffalo, Wyoming 

OBJECTIVE 

The objective of this study is to estimate the size and epicentral location of the 1882 Colorado 
earthquake and to make quantitative assessments of the confidence associated with these estimates. 
Multiple estimates are to be made as required, along with a quantitative assessment of the credibility 
of each interpretation unless the properties are found to bk well-defined. These estimates are needed 
(a) to make estimates of maximum possible earthquake size in seismic sources where the 1882 
earthquake may have occurred, and (b) to assign a magnitude for historical seismicity analyses in 
order to determine activity rates and b-values. 

BACKGROUND 

The November 7, 1882, earthquake, apparently centered in Colorado, is the largest shock known 
to have occurred in that state. The U.S. Geological Survey (Stover and Coffman, 1993) lists its 
epicentral coordinates as 40.5"N and 105.5W and its magnitude (based on felt area and equivalent 
to m,) as 6.2. Those coordinates place the epicenter approximately 90 km north-northwest of the 
city of Denver. The earthquake caused minor damage in Denver (MMI VII) and along the Front 
Range and southern Wyoming (MMI VI). It was felt into Utah and Kansas. An aftershock occurred 
on November 8 that was reported to be almost as swng as the mainshock according to reports from 
Denver and Laramie. 

At issue here is a critical assessment of the size and location of this earthquake. The pre- 
instrumental Occurrence time dictates that epicentral and size estimates be based on intensity 
observations. Intensity data are intrinsically qualitative, but the existence of numerous studies on 
this type of information has proven to be utilitarian in cases such as this one. To accomplish the 
above-stated objectives, extensive use is made of the results from these studies that have defined 
intensity characteristics. In particular, a recent study of the size of earthquake damage areas across 
the United States, just completed by myself and colleagues at Virginia Tech (Bollinger et al., 1993), 
is useful for the assessments at hand. 

EGGRF/REPORVAPPENDD.Cl c- 1 Risk Engineering, Inc. 



9217-COO-204, Rev. 0 

EPICENTER ESTIMATION 

Earthquake intensity is a number denoting the seventy of an earthquake at a particular location, in 
terms of the effects of the earthquake ground motions on humans, on construction (works of man) 
and on the natural surface features of the earth. The intensity observed depends on multiple factors, 
including: 

Magnitude 
. Focal depth 

. Focal mechanism 
Distance from source 
Path effects (inhomogeneities) 

F a c m  

Type and thickness of soil and regolith 
Character of bedrock geology 
Groundwater level 
Slope and configuration of the ground surface 

Type and quality of construction 
Natural period of the structure 
Interaction between'nearby structures 

'. 

Sensitivity of observer (previous exposure, physical location) 
Location of observer (outdoors, indoors, type and floor of building) 
Time of day (observer sleeping or awake, active or quiet) 
Weather (storms, wind, etc. can mask earthquake effects) 
Sounds (can intensify fright) 

In the United States, the Modified Mercalli Intensity (MMI) scale' is used to categorize earthquake 
effects into a numerical scheme. 

While there can be significant variations, isoseismal contours often have a roughly elliptical to 
circular shape, sometimes with lobate extensions in one or more directions. In surveys where there 
is a high density of reliable observations, intensity values can be observed to exhibit rapid spatial 
variations. For this reason, Richter (1958) recommends that the mode of the intensity data (the 
value that appears the most often) be contoured rather than trying to honor the individual intensity 
values vigorously. Indeed, for especially important intensity studies, two maps are sometimes 
prepared from the same data. One map tends to honor the individual intensity values somewhat 
closely and this produces a contour map of considerable complexity. This type of map has the 
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advantage of depicting those areas subject to higher than normal shaking--often such areas are @ underlain by soft surficial soils as in river valleys. A second map can be prepared that is a highly 
generalized version with smooth contour geometry. This type of map obscures the more localized 
variations, and emphasizes the overall radiation pattern of seismic waves from the subject 
earthquake. Usually, however, only one intensity map is prepared, and, in the literature, examples 
of both of the above approaches to intensity contouring are found on a given single isoseismal map 
as well as variations of two basic techniques. 

INTENSITY MAP FOR THE 1882 COLORADO EARTHQUAKE 

Even after multiple episodes of archival searching, the amount of intensity data available for the 
1882 Colorado earthquake is skimpy. Additionally, because of the types of sources available at that 
time, there is a wide variation in the reliability of the individual observations. This makes the 
assignment of intensity values and their contouring a difficult task that is subject to considerable 
uncertainty. 

Kirkham and Rogers (1986) have produced the latest intensity map for the 1882 shock (see Figure 
(2-1). They have the benefit of the most recent and complete intensity data set. Their contouring 
is well done, and the isoseismals are correctly shown as dashed lines. This is effective 
communication of the lack of an adequate amount and quality of data to accurately define the 
isoseismal contours. I have reviewed their intensity assignments and their contouring of that data 
and have no substantive disagreements. I will use their map for this study. That map has a number 0 of interesting features including: 

1. A very rapid decrease of intensity toward the east coupled with an apparent elongation of 
intensity to the west, 

2. A roughly triangular shape to the MMI VI and lower contours, 

3. Rapid spatial variation of the highest intensity levels (V, VI and VII) along the Front Range 
urban comdor, and 

4. A separate felt area for an aftershock that occurred the day after the mainshock. 

Each of these features is discussed briefly in the following paragraphs: 

Rapid Decrease of Intensity to the East, Elongation to the West, and a Triangular Shape for the 
Isoseismals 

This type of isoseismal pattern is unusual but not rare. An excellent example from the eastern 
United States is for the 1973 Knoxville, Tennessee, earthquake (see Figure C-1). There, the 
epicenter (MMI VI) was displaced toward the rapid decrease (northern) side of the MMI V 
isoseismal. The Same epicenter/isoseismal asymmetry is proposed for the 1882 shock by Kirkham 
and Rogers (1986). As shown in Figure C-1, when the intensity map for the 1973 earthquake is 
reoriented so that north on the figure is to the right, there is a marked similarity with the 1882 
intensity-m-ap. - -__-- 

(< e 
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Rapid Spatial Variation of the Highest Intensity Levels (V, VI and VII) Along the Front Range 
Urban Corridor 

Th~s type of variation is seen often on intensity maps and is usually attributed to population density 
variations and/or marked changes in character of the ground, e.g. between rock sites and alluvium 
or soft sediment locations. 

Test of the Stability of the Preceding Three Isoseismal Patterns 

The intensity data base of Kirkham and Rogers (1986) has been recontoured by myself and three 
other experienced seismologists (see page C-23 and the isoseismal maps presented in Figures C-2b 
through C-2e). The preceding three isoseismal patterns (nos. 1 through 3 listed above) were 
exhibited in all four maps. This a f f m s  the Kirkham and Rogers (1986) map as a valid 
interpretation of the available data. 

A Separate Felt Area for an Aftershock 

Kirkham and Rogers (1986) were impressed enough with the aftershock reports along the Front 
Range that they located the epicenter near the center of its elliptical felt area. They noted that 
Meeker, Colorado, on the western slope, also reported feeling the same aftershock but gave that 
report much less weight. 

ANALYSIS 

Expectably, in the majority of cases where both detailed intensity data and instrumental epicenter 
locations are available, the epicenter is near the highest intensity or inside of the highest MM level 
isoseismal. The epicenter is usually not at the exact center of that isoseismal but is often displaced 
to one side.or the other. Conventional practice of specifying epicentral coordinates from intensity 
maps is intrinsically qualitative and consists of using the centroid of the highest contour, because 
there is generally no way to know in  advance how far or in which direction the actual epicenter 
might be displaced from that central point. 

Epicentral estimation from intensity data for catalog purposes requires that a specific point be 
defined, usually with an attendant error estimate. Kirkham and Rogers (1986) gave 40.5"N and 
105.5W as their best epicentral location, with a possible error of one-half degree or more for the 
1882 shock. For purposes of probabilistic seismic hazard assessment, it is, however, more 
appropriate to estimate the area within which the epicenter is expected to be and then to assign a 
confidence associated with that estimate. 

* 

I agree with Kirkham and Rogers (1986) that the felt area of the aftershock is a most important 
indicator of the epicentral locale. This is because aftershocks are generally smaller than the 
mainshock and thereby have a smaller felt area. Also, they tend to occur near the mainshock 
epicenter. Different-from Kirkham and Rogers (1986), however, I would tend to give the Meeker 
aftershock somewhat more weight than they did. The Front Range reports do indicate a higher level 
of shaking, and both Kirkham and Rogers (1986) as well as Stover and Coffman (1993) base their 0 (. 
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epicenter assignment on them. I agree with the general interpretation of that locale being the most 
likely epicentral area. 1. 

The area enclosed by the MMI VI is especially large (85,000 km'). The Occurrence of VI level 
effects in western Colorado as well as southeastern and southwestern Wyoming places those areas 
at shaking levels comparable to the more populous Front Range corridor. The MMI VI and VI1 
effects south of Colorado Springs appear to me to be an outlier effect and not directly relevant to 
epicentral location. Also, the intensity assignments there may be a bit high. 

Another possible indicator for the location of the 1882 epicenter is the seismicity pattern for the 
state. That is, where have most of the historical and recent earthquakes occurred? It is more likely 
that the 1882 shock would occur in that area rather than in some historically aseismic portion of the 
state. Except for the recent seismic activity associated with- the Rocky Mountain Arsenal well, the 
Decade of North American Geology @NAG) Project's Seismicity Map of North America by 
Engdahl and Rinehart (1988) and the Colorado seismicity maps by Kirkham and Rogers (1985) and 
by Stove and Coffman (1993), all depict most of the historical seismicity in the western part of 
Colorado, approximately between west longitude 106" and 108". Thus, a West Slope rather than a 
Front Range location for the epicenter would be suggested by the historical activity in the state. 

In summary, because of 

1. 

2. 

Large areal and east-west extent of MMI VI effects, 

Aftershocks felt reports from the Front Range corridor and from the West Slope (Meeker), 
and 

, 

3. 

three potential epicentral host areas should be considered. These areas are defined as rectangular 
approximations to the MMI VI contour and to the full and partial aftershock felt area contours (solid 
and dashed/questioned contours of Kirkham and Rogers [ 19861). Figure C-3 shows these areas 
which have the following latitude-longitude coordinates in degrees: 

Historical seismicity mostly in the West Slope area, 

-. 
/ Area(A + B  +C) (41.7, 1lO:O), (41.7, 104.8). (39.5, 104.8), (39.5, 108.4), (40.0, 

108.4), (40.0, llO.O), (41.7, 110.0) 

Area (B + C) (41.7, 108.4), (41.7, 104.8), (39.5, 104.8),,(39.5, 108.4), (41.7, 
108.4) 

Area (C) (41.7, 106.0), (41.7, 104.8), (39.5, 104.8), (39.4, 106.0), (41.7, 
106.0) 

Area (A + B + C), which is essentially the MMI VI contour area, covers some 100,OOO km2 and is 
assigned a confidence of 95%. Area (El + C), the full aftershock felt area, extends for about 75,000 
km2 and is assigned a confidence of 85%. Area (C), the 25,000 km2 higher intensity area for the 
aftershock is given a confidence of 40%. 
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In 1882 there were no seismographs in operation in the United States. Thus the quantitative 
measure of earthquake size (magnitude) must be estimated from the level and distribution of its 
effects as characterized by the qualitative MMI. This procedure consists of employing the several 
empirical relationships between magnitude and various MMI measures that have been developed 
from modem earthquake Occurrences where both types of measurement are available. Several 
considerations are relevant here, including the following: 

Was the I882 shock an "eastern" or "western" earthquake? 

Because of the marked differences in the anelastic attenuation of seismic waves between the western 
and eastern parts of the country, magnitude-MMI studies are usually divided into those for 
earthquakes east of the Rocky Mountains and those for earthquakes west of the Rocky Mountains. 
For example, the specific quality factor (Q) has values of 200-300 in coastal California and 800- 
lo00 in the central and eastern United States. In some cases, an approximate latitude for the Rocky 
Mountain boundary, often 105" West longitude, is used to separate the different attenuation regions. 
The 1882 earthquake was at or near this boundary. The boundary itself, in turn, is uncertain due to 
the lack of detailed attenuation measurements necessary to specify it more precisely. Accordingly, 
for this study, both "eastern" and "western" magnitude-MMI relationships will be employed even 
though I would favor the western equations as the most applicable, given that most of the MMI 
reports for the 1882 shock occur west of the Front Range's eastern boundary. 

The Bollinger et al. (1993) study indicates that MMI VI and VI1 levels in the East are some five 
times larger than those in the western United States for the same magnitude earthquake (see Figure 
C-4). This, in turn, implies that for a given size MMI VI or VI1 area, the eastern U.S. earthquake 
will have a magnitude that is, on the average, some 0.8 units smaller than would be the case for a 
western U.S. shock (see Figure C-5). Clearly, this aspect has very important implications for the 
task at hand. 

t 

Was the focus of the 1882 Colorado earthquake of "noml"  depth or was it much shallower or 
deeper than normal? 

Most U.S. earthquakes occur at depths of 5 to 15 km. Those shocks that occur at lesser or greater 
depths can have MMI distributions that are significantly different. The very shallow earthquakes 
tend to have an especially high epicentral intensity coupled with an anomalously rapid fall-off of 
MMI with epicentral distance. The deeper events tend to have lower than normal epicentral 
intensity levels and usually also exhibit lower than normal attenuation with distance. Thus, shallow 
earthquakes have very spatially limited MMI distributions while the converse is true for the deeper 
earthquakes. 

The "shallower than normal" MMI characteristics are not observed for the 1882 earthquake. 
However, by analogy with the October 18,1984, Laramie Mountains, Wyoming, earthquake which 
was deeper than normal at 22 km and had a relatively large felt area while the instrumentally 
determined epicentral locale did not exhibit high intensity levels (only MMI VI), the 1882 shock 
may indeed have been "deep" (Kirkham and Rogers, 1986). If it was, then somewhat larger than 

0 (. 
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usual h4MI areas, at all intensity levels with respect to the maximum observed intensity (Io) would 
result. These differences in intensity area versus focal depth unfortunately have not been quantified 
due to the small sample of intensity data for deep earthquakes that is available. The "usual" being 
referred to here is the aforementioned empirical MMI-magnitude relationships derived from the 
available data base of primarily "normal" focal depth earthquakes. 

INTENSITY DATA BASE AND INTERPRETATION 

The several episodes of data gathering and the evolving interpretations for this important earthquake 
have been chronicled by Kirkham and Rogers (1986) and Oaks and Kirkham (1986). As previously 
mentioned, Stover and Coffman (1993) have critically reviewed all of the available data and results 
in their preparation of a revision of the U.S. Geological Survey publication, The Earrhquuke Hisrory 
of the United Stares. Also as previously noted, I have reviewed the assignment of MM values to the 
individual intensity reports as well as the contouring of those values. I have no substantive 
disagreement with the Kirkham and Rogers (1986) and Stover and Coffman (1993) results and will 
use their basic parameters: 

I MMI, = VII, I 

and Felt Area = 485,000 km'. 

. My estimates for the area enclosed by the MMI V isoseismal (A,) and by the MMI VI isoseismal 
(A,,) are: 

A,, = 85,000 km', 
and A, = 230,000 km'. 

ANALYSIS 

The basic analysis scheme involves the use of published relationships between magnitude and the 
following intensity parameters: 

Maximum Epicentral Intensity I ,  
Total Felt Area A, 
Area Enclosed by VI Isoseismal AVI 
Area Enclosed by V Isoseismal A, 

Other relationships, e.g., magnitude versus A, or A,, are also available in the literature, but they 
are not applicable to this case. For uniformity, all magnitudes will be converted to moment 
magnitude (M) according to Bollinger et al. (1993). 

A total of 30 separate magnitude estimates were obtained, and Tables C-1 through C-4 present 
detailed listings of those results. In summary, average values are: 
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Western ' Eastern 

(.@ 
5.3 
6.7 
7.0 
6.5 

4.7 
6.1 
6.5 
4.9 

These values vary over two full magnitude units without any obvious outliers. The EUS magnitudes 
are some 0.6 magnitude units or more smaller than those for the WUS, but this is expectable as 
previously discussed. Also, the range of WUS magnitude estimates is 1.7 (5.3 to 7.0) is similar to 
that for the EUS, 1.7 (4.7 to 6.4). 

To characterize these apparently non-definitive results, we note that the individual magnitude 
estimates (Tables C-1 to C-4) can be grouped to give three average estimates of: 

M = 5.0, M = 6.4, and M = 6.9 

Derived from three sources: M vs I, (EUS and W S )  and M vs A, for EUS. This is a primarily 
EUS based result, and the WUS M vs is not well constrained (Toppozada, 1975). Also, the 1984 
Laramie Mountains, Wyoming earthquake, a deeper, magnitude 5-5.5 shock, had a felt area some 

the correct value. 
e 200,000 km2 smaller than the 1882 shock. Accordingly, I assign a confidence of 10% to its being ( 

Also derived from three, primarily EUS, sources: M vs A,, (EUS), M vs A, (EUS) and M vs A, 
( W U S ) .  The agreement of the EUS MMI V and VI areas with the WUS total felt area could be due 
to a greater-than-no& focal depth as suggested by Kirkham and Rogers (1986). I believe that this 
magnitude level gives the best balance with the MMI, of VI1 and the reported MMI spatial 
distributions and assign a confidence of 80%. 

Derived from two sources: M vs A, and A,, ( W U S ) .  While this value is allowed by the WUS 
empirical relationships, it is not, in my judgment, compatible with the MMI, of VI1 level, even for 
a deeper shock. Also, an earthquake near magnitude 7, would be expected to produce more damage 
and other surficial effects and have a much stronger aftershock sequence than was reported for 1882 
shock. I assign a 10% confidence to the validity of this estimate. 

SUMMARY 

The preceding discussions and interpretations provide the basis for my interpretation of the 1882 
Colorado earthquake's epicentral location and magnitude. 
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The quantity and quality of the intensity data available for the earthquakes are not adequate to allow 
a definitive assessment of the location of the epicenter. Rather, three areas are defined as probable 
host areas. The first area encompasses the highest intensity level reports for the aftershock reported 
to have followed the day after the mainshock. That area is about 25,000 km2 and is assigned a 40% 
confidence. A second area approximates the entire felt area of the aftershock. That area is some 
75,000 km2 and extends from the Front Range westward to Meeker in the western part of the state. 
A confidence of 85% is assigned to that area. The third area (which includes the other areas) 
outlines the MMI VI isoseismal contour and is about 100,OOO h2. A confidence of 95% is assigned 
to this larger area. Specific latitude-longitude coordinates for these three areas are given in the 
report. 

. 

To estimate the size of the 1882 earthquake, 30 moment magnitude estimates are developed from 
the maximum epicentral intensity, the total felt area and the areas enclosed by the MMI V and VI 
contours. These values are used to derive the following three moment magnitudes and their 
associated confidences: 5.0 k 0.3 (lo%), 6.4 f 0.3 (80%) and 6.9 & 0.2 (10%). 

This analysis takes into account the most recent work of the Colorado Geological Survey on'the 
1882 earthquake (Kirkham and Rogers, 1986). The current analysis is more comprehensive because 
it uses analogies with isoseismal patterns of other earthquakes, includes four independently-drawn 
isoseismal maps of the intensity data, and uses areas of individual isoseismals to estimate magnitude, 
not simply the felt area. Therefore the current analysis is used to quantify the size and location 
uncertainty of this earthquake for the seismic hazard analysis. 

c 
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TABLE C-1 

MAGNITUDE ESTIMATES FOR THE 1882 COLORADO EARTHQUAKE 
DERIVED FROM TOTAL FELT AREA (A,) OF 485,000 KM2 . 

SOURCE MODEL 

Kirkham and Rogers 
(1985) 

Hadsell (1  968) 
(A, = 1,200,000 km2) 

ML vs A, 

McGuire et al. (1982) 
(A, = 500,000 km') 

ML or M, vs A, 

Sib01 et al. (1 987) w- vs A, 

Sib01 et al. (1987) m, vs A, and I, 

Nuttli and Zollweg (1974) m, vs -4% 

Toppozada (1975) ML vs A, 

Street and Lacroix (1979) %(LJ vs A, 

Johnston (1993) MD vs A, 

Average 5 

* Magnitude conversion scheme: 

MOMENT MAGNITUDE (M)* -- 
o** (REGION) 

-- 6.4 f 0.3 

6.57 i 0.6 -- 

6.5 -- 

4.79 

4.97 

4.77 --. , 

6.89 J -- 

5.00 -- 

5. lo -- 

6.52 4.93 

** WNA = western North America; WUS = western United States; CNA = central North 
America; ENA = eastern North America; EUS = eastern United States 
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CALCULATIONS FOR TABLE C-1 

al. (1987) 

mb = 2.48 + 0.0769 log2 (FA) 

FA = felt area in sq km = 485,000 km2 

m, = 2.48 + 0.0769 (32.328) = 4.97 

log M, = 17.8 + 0.654 m,, + 0.0887 mi = 17.8 + 3.250 + 2.191 = 23.24 

2 
- (23.24) - 10.7 = 4.79 
3 

M 

mb=2.16+0.02191~+0.059610gZ(FA)=2.16+ 1.0731 + 1.907+5.14 

log M, =. 17.8 + 0.654 mb + 0.0887 mi = 17.8 + 3.3616 + 2.3434 = 23.505 

2 
3 

M a - (23.505) - 10.7 = 4.97 

(1974) 

m, = 2.65 + 0.098 log (FA) + 0.054 108 (FA) = 2.65'+ 0.557 + 1.746 = 4.95 

log M, = 17.8 + 0.654 m,, + 0.0887 mt = 17.8 + 3.237 + 2.173 = 23.21 

2 - (23.21) - 10.7 0 4.77 
3 

M 

mb (L,) = 2.77 - 0.147 log (FA) + 0.100 102 (FA) = 2.77 - 0.836 + 3.233 = 5.17 

log M, = 17.8 + 0.654 m, (L,) + 0.0887 rnt (L,) = 17.8 + 3.381 + 2.37 1 = 23.55 

h i = -  (23.55) - 10.7 = 5.00 
I 3 
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hlmmLum 
log M, = 47.34 - 10.81 log (FA) + 1.17 logz (FA) = 47.34 - 61.463 + 37.823 = 23.70 

2 
3 

M = - (23.70) - 10.7 = 5.10 - 
ML= -1.88 + 1.53 log (FA) = -1.88 + 8.700 

ML = 6.82 

log M, = 17.8 + 0.654 ML + 0.0887 Mt = 17.8 + 4.460 + 4.126 = 26.38 

M = -  (26.38) - 10.7 = 6.89 
3 

(19- 

M, = 6.2 k 0.3 

log M, = 17.8 + 0.654 ML + 0.0887 M i  = 17.8 + 4.055 + 3.410 = 25.265 

M = 2. (25.265).- 10.7 = 6.14 
3 

€hwKl%a 
M (?) = 6.74 0.6 

log M, = 17.8 + 0.654 ML + 0.0887 M i  = 17.8 + 4.080 + 4.029 ~ 2 5 . 9 1  

2 
3 

M 5 - (25.91) - 10.7 = 6.57 
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uire et al-W&?) 
M, or M, = 6.5 

log M, = 17.8 + 0.654 M, + 0.0887 MZ = 17.8 + 4.251 + 3.748 = 25.80 

M = -  (25.80) - 10.7 = 6.50 
3 

C-15 
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TABLE C-2 

MAGNITUDE ESTIMATES FOR THE 1882 COLORADO EARTHQUAKE DERIVED 
FROM THE MM INTENSITY VI AREA (A,) OF 85,000 KM2 

MOMENT MAGNITUDE (M)* 

SOURCE MODEL J E s l m u u  - 
iREGIQN** fEwxx!u 

Toppozada (1975) M,vs A V I  6.81 (CA&W. NV) -- 

Bollinger M vs A", 6.96 6.20 ( W U S )  

Hanks and Johnston M vs AvI 7.11 6.70 (SCR) 
( 1992) 

Bollinger et al. M vs A,, 6.96 (WUS) 6.20 (ENA) 
(1993) 

Average 

* Magnitude conversion scheme: 

6.96 6.45*** 

mb = mb(LB, = M,; log Me = 17.8 + 0.654 M, 0.0887 MA M - 2 log Mo - 10.7 
3 

** WNA = western North America; WUS = western United States; CNA = central North 

America; ENA = eastern North America; EUS = eastern United States; SCR = stable 

continental regions ("intraplate") 

*** The two Bollinger references were treated as one estimate for this average. 
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CALCULATIONS FOR TABLE C-2 - 
ML = 2.56 + 0.85 log A,, 

ML = 6.75 

log M, = 26.26 

M = 6.81 

M = 1.07 + 1.04 log A,, 

M = 6.20 

M = 1.93 + 1.02 log A,, 

M = 6.69 - 
M = 3.26 + 0.24 log A,, + 0.093 log' A,, ' SCR 

M = 3.26 + 1.183 + 2.260 = 6.70 

M = 2.38 + 0.96 log A,, 

M=7.11 

California 

et al. (1993) 

M = 1.93 + 1.02 log A 

M = 6.96 

M = 1.07 + 1.04 log A 

M = 6.20 

WUS 

ENA 
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TABLE C-3 

MAGNITUDE ESTIMATES FOR THE 1882 COLORADO EARTHQUAKE DERTVED 
FROM THE MM INTENSITY V AREA (A,) OF 230,000 KM2 

MOMENT MAGNITUDE (M)* 

SOURCE 

Toppozada (1975) 

Johnston ( 1993) 

ML vs A, 6.74 (CA&W. NV) -- 

M v s  A, 6.10 (SCR) 

* Magnitude conversion scheme: 

m b  = m b  (L> 5 M,; log Me = 17.8 + 0.654 M, + 0.0887 M:; M = - 2 log Mo - 10.7 
3 

** WNA = western North America; WUS = western United States; CNA = central North 
America; ENA = eastern North America; EUS = eastern United States; SCR = stable 
continental regions ('intraplate") 
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CALCULATIONS FOR TABLE C-2 - 
M, = 2.56 + 0.85 log A,, 

M, = 6.75 

log M, = 26.26 

M = 6.81 

. .  

( 1 9 m  

ENA: M = 1.07 + 1.04 log A,, 

M = 6.20 

WUS: M = 1.93 + 1.02 log A,, 

M = 6.69 - 
M = 3.26 + 0.24 log A, + 0.093 log' A,, 

M = 3.26 + 1.183 + 2.260 = 6.70 
SCR 

M = 2.38 + 0.96 log A,* 

M=7.11 
California 

(1 993) 

M = 1.93 + 1.02 log A WUS 

EGGRF/REPORTIAF'F'ENDD(.CI 

M = 6.96 

M = 1.07 + 1.04 log A 

M = 6.20 

ENA 
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TABLE C-3 

MAGNITUDE ESTIMATES FOR THE 1882 COLORADO EARTHQUAKE DERIVED 
FROM THE MM INTENSITY V AREA (A,) OF 230,000 KM' 

SOURCE ,MODEL 

Toppozada (1975) M, vs A, 

Johnston (1993) M vs A, 

MOMENT MAGNITUDE (M)* - EAsmmmL 
LREGION)** IREGION) 

6.74 (CA&W. NV) -- 

6.10 (SCR) 

* Magnitude conversion scheme: 

2 

3 
mb = m b  (L> = M,; log Mo = 17.8 + 0.654 M, + 0.0887 Ml; M = - log Mo - 10.7 

** WNA = western North America; WUS = western United States; CNA = central North 
America; ENA = eastern North America; EUS = eastern United States; 3CR = stable 
continental regions ('intraplate") 
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a CALCULATIONS FOR TABLE C-3 

v 
M, = 0.86 + 1.09 log A, (h') 
= 0.86 + 1.09 (5.3617) = 6.70 

log M, = 17.8 + 0.654 (MJ + 0.0887 M t  = 26.16 

2 M = - 3 1% .Mo - 10.7 = 6.74 

log Mo = 26.90 - 3.10 log A, + 0.52 (log A")' - - 
5.3617 z e , 7  4 e i 

log M, = 2.52 

2 M = - 1% M, - 10.7 = 6.10 
2 
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TABLE C-4 

\ MAGNITUDE ESTIMATES FOR THE 1882 COLORADO EARTHQUAKE DERIVED 
FROM THE MAXIMUM EPICENTRAL INTENSITY (I,) 

SOURCE 

Gutenberg and 
Richter (1 942) 

Toppozada ( 1975) 

Sib01 et al. (1987) 

Sib01 et al. (1987) 

Sib01 et al. (1987) 

Sib01 et al. (1987) 

Sib01 et al. (1987) 

Stover and Coffman 
(1993) 

MODEL 

M, vs I, 

M, vs I, 

m, VS IO 

m, VS IO 

m, VS IO 

m, vs Io discrete 
distribution-mean 

m, vs Io discrete 
distribution-median 

average M, or 
m, vs Io 

Average 

MOMENT MAGNITUDE (M)* - - 
fREmm** fREaQI9 

5.35 (CA) -- 

5.12 (CA&W. NV) , -- 

5.09 (WNA) 4.12 (CNA) 

5.26 (WNA) 4.41 (CNA) 

5.26 (WNA) 4.41 (CNA) 

5.39M.28 (WNA) 5.07N.46 (ENA) i. 
5.23M.22 (WNA) ’ 5.35N.30 (ENA) 

5.35 ( W U S )  4.83 (EUS) 

5.26 4.70 

* magnitude conversion scheme: 

2 
I 

3 I 

m b  E m b  (L> = M,; log Mo = 17.8 + 0.654 M, + 0.0087 MA M = - log Mo - 10.7 

** WNA = western North America; WUS = western United States; CNA = central North I 

America; ENA = eastern North America; EUS = eastern United States 
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CALCULATIONS FOR TABLE C-4 

(1 987) 

WNA s - C N 4  

mb = 2.03 + 0.461 I, ; I, = VI1 

mb = 2.03 + 3.227 = 5.26 

log M, = 23.69 

M = 5.09 

mb = 1.71 + 0.368 I, ; I, = VI1 

mb = 1.71 + 2.576 = 4.29 

log M, = 22.24 

M = 4.12(5) 

1 et al. (1987) 

on Models - WNA IS - CNA 
mb = 3.1 3 + 0.467 1: ; I, = VI1 mb = 2.41 + 0.0444 1: ; I, = VII 
mb = 5.418 mb = 4.586 

log M, = 23.947 

M = 5.265 

log M, = 22.665 

M = 4.410 

87) 
te D- - W N ~  . .  . - 4 

mb = 5.53 _+ 0.28 

log M, = 17.8 + 3.617 + 2.712 = 24.13 

M = 5.39 

mb = 5.23 ,+ 0.46 

log M, = 17.8 + 3.420 + 2.423 = 23.65 

M = 5.07 

te D F  - WNA . .  . . .  . 
te D- - FJJA 

r n b  = 5.55 

log M, = 17.8 + 3.630 + 2.732 = 23.89 

M = 5.23 

mb = 5.50 

log M, = 17.8 + 3.600 + 2.68 = 24.08 

M = 5.35 
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(1942) for California 
M = 1.3 + 0.6 I, = ML 

I, = vn 
M L  = 5.50 

log M, = 24.08 

M = 5.354 

(1975) for 1 
M L  = 1.85 + 0.49 I, , I, = VI1 

ML = 5.280 

log M, = 23.73 

M = 5.12 

-' 

M - I, ( W U S )  = 5.5 

M - I, @US) = 5.0 

log M, = 24.08 

log M, = 23.29 

M = 5.35 

M = 4.83 
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0 Notes for Figure C-2 

\ Figures C-2b through C-2e are four independent contourings of the Kirkham and Rogers (1986) 
intensity data for the 1882 Colorado earthquake. To facilitate comparison, the Kirkham and Rogers 
(1986) intensity map at the same scale as the recontoured maps, is also shown as Figure C-2a. Note 
that the three major characteristics of their map: 

1. Rapid decrease of intensity eastward and an apparent elongation westward, 

2. A roughly triangular shape to the MMI VI and lower contours, and 

3. Rapid spatial variation of the highest intensity levels (V, VI, VII) along the Front 
Range corridor, 

are also present to a large degree on the recontoured maps. 

, 
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Figure C-I. Isoseismal Maps for the 1882 Colorado earthquake (upper; Kirkham and Rogers, 1986) and the 
1973 Knoxville, Tennessee, earthquake (lower; Bollinger and others, 1976, reoriented so that north is to the 
right). Note the similarities in isoseismal pattern: Rapid decrease in one direction with an elongation in the 
opposite direction and roughly triangular shape. 
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Figure C-2a. Isoseismal map for the 1882 Colorado earthquake. Stippled pattern is felt area of aftershock the next day. Date and time 
;cr 

0 shown is in Coordinated Universal Time. 
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Figure C-2b. ’ First independent contouring ocKirkham and Rogers (1986) intensity data. 
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Figure C-2c. Second independent contouring of Kirkham and Rogers (1986) intensity data. 
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Figure C-2e. Fourth independent contouring of Kirkham and Rogers (1986) intensity data. 
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0 ENA: N = 17. Log A - 0.57 + 0.66 M R2 - 69% 

R? - 77% 

R2 P 49% 

R' = 78% 

Figure C-4. Isoseismal areas, at the MMI = VI and VII levels, versus moment magnitude for eastern 
North American earthquakes (ENA) and western U.S. earthquakes (WUS). The straight-line fits 
indicate the eastern North American damage areas are some five times greater than those resulting 
from western U.S. earthquakes (Bollinger et al., 1993). 
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Figure C-5. Moment magnitudes versus MMI VI and VI1 isoseismal areas for eastern North 
American earthquakes (ENA; circle symbols) and western U.S. earthquakes (WUS; star symbols). 
The separation of the straight-line fits is about 0.8 magnitude unit at the MMI VI level. This is the 
same M - MMI area data shown in Figure C-4. ( 
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APPENDIX D 

HISTORICAL SEISMICITY STUDIES 

Risk Engineering, Inc. 
Boulder, Colorado 

INTRODUCTION 

This Appendix summarizes the analysis of historical seismicity in Colorado (herein used to imply 
"the Colorado region" when parts of adjacent states are included) for the seismic hazard study of the 
Rocky Flats Plant. The purposes of this analysis are (1) to provide a uniform earthquake catalog 
of mainshocks (independent earthquakes) for Colorado, (2) to estimate how complete the catalog 
is'at different times, (3) to estimate rates of seismic activity and b-values for seismic sources, and 
(4) to estimate the historical seismic hazard (i.e., the ground shaking hazard calculated 
retrospectively from historical earthquakes) based on the derived catalog and estimates of 
completeness. The steps used to achieve these purposes are described in the following sections. 

State-of-the-art methods are used in this analysis. This means, for example, that the uncertainty in 
intensity;to-magnitude conversion is treated explicitly with multiple equations, and is canied 
through the analysis of activity rates and b-values. This treatment of uncertainty provides a solid 
basis with which to calculate seismic hazard for the Rocky Flats Plant. 

HISTORICAL SEISMICITY 

The analysis of historical seismicity begins by assembling a catalog of historical earthquakes. A 
catalog referred to herein as "the Colorado catalog" was specially compiled for this project for the 
region encompassing Colorado and adjacent areas within one-half degree longitude or latitude. 
Earthquakes are included from 1870 through May, 1993. The catalog involved the concatenation 
of earthquakes from two prior catalogs. The earthquake list for Colorado and adjacent states was 
obtained from the U.S. Geological Survey (USGS), which maintains a catalog of earthquakes 
worldwide. This list for Colorado is itself a compilation of earthquakes from several sources: the 
USGS (through historical studies such as Stover et al., 1984, and through the PDE [Preliminary 
Determination of Epicenter] lists), the DNAG catalog (Decade of North American Geology: 
Engdahl and Rinehart, 1991), and reports from many local networks. 'Thus the USGS list is the 
most comprehensive catalog with which to begin a compilation. 

The Colorado catalog obtained from the USGS was checked by comparison with the list of 
earthquakes published by the Colorado Geological Survey (Kirkham and Rogers, 1985). Where 
discrepancies in the reported magnitudes occurred, the Kirkham and Rogers values were used, as 
this study is more specific to Colorado than the USGS compilation. Also, any events reported by 
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Kirkham and Rogers (1985) that were not included in the USGS catalog, were added. Thus the 
Colorado catalog compiled for this project is a concatenation of events from the two sources. In 
addition, the study of felt reports conducted by Oaks and Kirkham (1986) was checked to see if any 
additional changes to event locations or size estimates were warranted. It was concluded that these 
felt reports did not indicate that any changes tothe catalog were appropriate. 

A map showing the epicenters of 172 independent mainshocks with either Modified Mercalli 
intensity 2 Il or magnitude 2 1.0 in the Colorado catalog is shown in Figure D-1. The magnitudes 
for the pre-instrumental earthquakes were estimated using the methods described below. Note that 
only one location is shown for the 1882 earthquake; the treatment of uncertainty in magnitude and 
location for this earthquake is described below in the sections enhtled "Historical Earthquake 
Hazard" and "Activity Rates and b-Values." 

, 

In addition to the Colorado catalog, a larger compilation of events was assembled to provide data 

catalog, is illustrated in Figure D-2. 
for magnitude correlation. This catalog, herein called the Rocky Mountain-Great Plains (RMGP) .- 

The magnitude measure of interest to seismic hazard calculations is the moment magnitude M, 
which is used in the attenuation equations (see Appendix E). For values less than 6.5 (which are 
all earthquakes in the catalog except the 1882 shock, which is evaluated separately), M is virtually 
identical to local magnitude ML, which is available for many of the earthquakes in the catalog. For 
other earthquakes that did not have ML values, data were compiled from the RMGP catalog to 
provide empirical correlations between ML and other size measures available. The two most useful 
measures were maximum reported Modified Mercalli (MM) intensity I, and body-wave magnitude (. 
mb- 

Of the 172 earthquakes in the Colorado catalog, 82 had estimates of M, provided by original 
sources. The remaining 90 events had other size measures available in the following numbers: 

Number 

MM intensity I, 74 

duration magnitude 2 
Nuttli magnitude 4 
magnitude based on felt area 1. 

body-wave magnitude m, 17 

Total: 98 

The total in the above list is greater than the 90 earthquakes with no direct ML estimate because 
some earthquakes had multiple alternative measures listed. \ 

Events with dmtion magnitudes came from local networks recording small earthquakes. In those 
cases we contacted the operators of the networks and obtained information on the best method for 
converting duration magnitude to M,. The four events with a Nuttli magnitude were considered 
equivalent to q (this was the original intent of Nuttli's magnitude scale), and the magnitude based 
on felt area was assumed to be ML. 

( 
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For events with I, or m, reported, we developed empirical conversions based on earthquakes in the 
RMGP catalog for which both measures were reported. Figure D-3 shows the correlation of ML 
with I,. For this correlation, events with I, < 3.0 were not used because these lower intensities 
appeared to have a bias in reporting (for I, = 2, the only events in the data base are those for which 
an instrumental magnitude estimate was available, which restricts them to ML 7 2 or so). Figure D-3 
shows four equations plotted with the data: 

\ 

ML = 1.32 + .41 I, @-I) 

ML = 0.26 + 2/3 I, @ - a  

ML = 1.3 + 0.6 I, 

M, = 1 + 2/3 I, 

(D-3) 

@-4) 

Equations (D-3) and @-4) were proposed by Gutenberg and Richter (1942 and 1956, respectively), 
based on California data. They are similar, and both tend to over-predict the magnitude value for 
a given I,. Equation @-1) is a least-squares fit to the data; it is judged to have too small a slope, 
particularly for the larger I ,  values. (Removing the I,, = 7 point on Figure D-3 does not significantly 
change the fitted slope, within two significant figures.) 

As an alternative to the Gutenberg and Richter (1956) relationship, with a slope of 2/3, we 
developed muation @-2). It is the least-squares fit through the data constraining the slope to have 
a value of 2/3. There are various reasons why, in the Rocky Mountains and Great Plains,' 
earthquakes might tend to have lower values of ML for a given I, (or, observationally, higher 
reported values of I, for a given MJ than in California The low level of seismicity means that more 
people will be awakened or frightened at a low level of shaking thmin California, where such 
shaking is more common. Also, old, poorly constructed buildings in the Rocky Mountains might 
be damaged by the infrequent earthquake (indicating I, = VI), but in our judgment such buildings 
would have been replaced long ago in California (because of more frequent earthquake occurrences 
and perhaps previous damage), so only I, = V would be reported for the same level of shaking in 
California. Finally, expansion and development in California has replaced many older, vulnerable 
structures, more so than in the Rocky Mountain region, so less damage would be expected in 
California for the same levels of shaking. 

To give additional guidance on whether Equations (D-2) and (D-4) are reasonable relationships to 
use, Figure D-4 shows the two relations superimposed on ML vs I, data published by Kirkham and 
Rogers (1985, p. 98) for the Rocky Mountain region. While this is not an independent comparison 
(many of the Same earthquakes are in both data sets): it shows that the two equations provide 
reasonable estimates of ML given I, for the Kirkham and Rogers data set, particularly for I, s VI 
which comprises all of the data in Colorado for which this correlation is needed. 

The data in Figures D-3 and D-4 do not indicate a definitive relationship between I, and M,. 
Therefore we express the uncertainty in ML value given I, by using two relationships, Equations @- 
2) and (D-4), and weighting these equally. Separate analyses will be conducted of historical 
seismicity, activity rates, and b-values using estimates from the two relationships. 
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For conversion of mb to M,, there is also some uncertainty. Figure D-5 shows the data from the 
RMGP catalog, and the equation: 

Equation (D-5) is derived from the observation that ML is directly proportioned to mb (Herrmann 
and Nuttli, 1982) but that m,, usually exceeds M,. Chulick and Herrmann (1986) suggest a constant 
of -0.3 to -0.4, but we find that a constant of -0.5 fits the data as well as any other, given the scatter 
in Figure D-5. 

These procedures give estimates of M, for all events in the catalog. We use Equations (D-2) and 
(D-5) in one analysis, which we designate the ML, magnitudes in the catalog: 

M,, = 1 + 2/3 Io if I, available 
M,, = m b  - 0.5 if m b  available 

and we use Equations (D-4) and @-5) in a second analysis, which we designate the M, magnitudes 
in the catalog: L. 

M, = 0.26 + 2/? Io if Io available 
M, = m b  - 0.5 if m b  adable  (D-7) 

Uncertainties in individual M, estimates for each earthquake were determined taking into 
consideration similar work in the eastern U.S. (EPRI, 1986, p. 4-6). This consideration is 
appropriate because the predictive Equations (D-6 and D-7) were not developed from a pure 
empirical fit to the data (the empirical standard deviations are reported below, for completeness). 
Also, empirical data were not available for some of the estimation methods (e.g., duration 
magnitude and felt area). Standard deviations of estimates of M L  were assigned as follows: 

estimator PML %I- 

. .  
-a, 

none; M, reported in catalog 0.3 0.3 for instrumental N.A. 
IO 0.6 0.55 for I, c 8 0.635 

N.A. 
mb or Nuttli magnitude 0.6 N.A. 0.637 
M L  reported based on felt area 0.5 0.35 N.A. 
duration magnitude converted to ML 0.6 N.A. N.A. 

0.45 for I, > 8 

A standard deviation of 0.3 is typical for instrumental magnitude assessments. The values of urn 
for conversions are somewhat higher than used in EPRI (1986, p. 4-6), which we feel is appropriate 
because the predictive equations have not been derived empirically. The value of 0.6 for conversion 
of m, to &was selected because the scatter in observed data (Figure D-5) is about the same Q for 
conversion of I, to ML (Figure D-3). The value of 0.5 for felt area (the one event in the catalog for 
which ML had been reported based on felt area) was chosen to recognize that this method uses more 
observations and is slightly less uncertain than using I, alone. 
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When an ML value was reported in the catalog, that value done was used for subsequent analyses 
(both for the ML, and M, catalogs). If conversions were required, Equation (D-6) was used for the 
ML, catalog and Equation @-7) for the M, catalog. When multiple predictors were available, 
estimates of ML, or M, were made separately using all predictors, and a weighted average was 
created using: 

0 - 8 )  Mu = c wi(M,Ji 
1 

where k is 1 or 2 and 

The standard deviation of the resulting estimate was calculated from: 

This procedure follows that ,of EPRI (1986, p. 4-7) for the eastern U.S. 

To avoid the bias introduced by uncertainty in ML on the estimated rates and, b values, "uniform" 
magnitude estimates were created. This followed the procedure of EPRI (1986, p. 4-7). 

I 

where p = b In 10, with b the parameter of the exponential magnitude distribution. For typical b 
values of 0.75 to 0.9 this simplifies to the following, within reasonable approximation (for am = 
0.6, the error is M.05 magnitude units for b = 0.75, and -0.01 magnitude units for b = 0.9): 

Finally with respect to the catalog it was determined that, for subsequent analyses of detection 
probabilities, an average magnitude could be used (the average of the ML, and M, analyses). Thus 
we defined / 

The reason this is an appropriate simplification is that the probabilities of detection depend, in the 
early years, on the earthquake being felt, and the corresponding size estimate is represented by I, 
for the early earthquakes in the catalog. Thus in the early years the conversion of I, to M, is 
immaterial, the detection probabilities are governed by I,. In the later years, and for smaller 
magnitudes, detection depends on instrumental coverage and magnitude level, and most of the recent 
earthquakes have instrumental magnitude assignments. These instrumental magnitudes do not 
change whether we are using the ML, or Mu magnitudes estimated from I,, and the choice of 
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magnitude bins is arbitrary for these events. Thus in the later years the I, to M, conversion is not 
an issue; earthquakes are generally represented by an instrumental magnitude. Therefore, i t  is 
appropriate to base probabilities of detection on average magnitude values and to use these for both 
I, to M, conversions. 

With magnitudes estimated for all events in the catalog, it was possible to identify swarms and 
sequences in Colorado that include obvious dependent events. These were initially identified 
visually, and were studied to see what had been published about each swarm or sequence. The 
following swarms and sequences were identified: 

1961 to 1972: This series of earthquakes was caused by 
pumping liquid waste into a deep injection well. The series is well documented by Evans (1966), 
Healy et al. (1968), and Nicholson and Wesson (1990). It began with the initiation of pumping in 
November of 1961 (Evans, 1966), and continued until February of 1966 (Hsieh and Bredehoeft, 
1981). The study by Hsieh and Bredehoeft (1981) on induced pressures concluded that changes in 
pore pressure were sufficiently high to induce earthquakes through 1972. Because the seismic 
hazard study is based on natural, tectonic earthquakes, these man-made events were deleted from 
the catalog (201 earthquakes between November 1961 and December 1972). All events in the 
catalog subsequent to 1972 in the Rocky Mountain Arsenal area were retained, with the exception 
of one M, 2.8 event that was a foreshock of an M, 3.8 earthquake that occurred in April of 1981 
(Bollinger et al., 1983). Aftershocks of the 1981 shock were not listed in the USGS catalog and thus 
were not included in our Colorado catalog. 

The treatment of current seismicity in the area of the Rocky Mountain Arsenal is important. There 
is general agreement that the earthquakes in the 1960s were caused by fluid injection (see, for 
example, Nicholson and Wesson, 1990, and Davis and Frohlich, l993), but no definitive studies on 
the current, low level of seismicity in the region have been made. We know of no way to resolve 
definitively whether seismicity subsequent to 1972 in the area of the Rocky Mountain Arsenal is 
background seismicity due to normal tectonic loading or seismicity that could be induced by the 
fluid injection of the early- to mid-1960s after long delay. The following considerations, however, 
can be made. Aftershock studies of earthquakes document that aftershocks can continue for at least 
seven to nine years following a mainshock (see, for example, Gross and Kisslinger, 1994), although 
this usually happens only for large mainshocks (magnitudes of 6 or 7). Further, Dieterick (1994) 
presents a model and observations that indicate that the duration of aftershocks is related to the 
recurrence time of the mainshock; aftershock durations greater than a decade imply mainshock 
recurrence times greater than several hundred years. Attempts to fit the Rocky Mountain Arsenal 
sequence to aftershock models were unsuccessful; this included cases where the initiating event was 
assumed to be the start of deep well injection, the end of injection, and the largest induced 
earthquake. The sequence does not behave like an earthquake aftershock sequence in time, because 
the process of pore pressure build-up and diffusion does not change crustal stresses, either in space 
or time, the same way a mainshock does. 

As noted above, the Rocky Mountain Arsenal seismicity was artificially induced. Studies of 
seismicity induced by reservoirs (Simpson et al., 1988) indicate two possible mechanisms: changis 
in elastic stresses caused by the weight of the reservoir on the earth's crust, and changes in pore 
water pressure caused by diffusion. It is likely that the latter mechanism is the cause of earthquakes 
where deep-well injection is associated with seismicity (see, for example, Nicholson and Wesson, 
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1990), and there can be some time delay between changes of pressure at the source (the reservoir 
or injection well) and the resulting seismicity. Eventually, changes in pressure stabilize, whether 
at new levels (as in the case of a reservoir) or at pre-existing levels (as in the case of an injection 
well where pumping has stopped). A model of pore-fluid diffusion and pressure changes induced 
by the Rocky Mountain Arsenal well (Hsieh and Bredehoeft, 1981) indicated that pressures were 
sufficient to induce emquakes through 1972. 

Of the 201 earthquakes removed from the catalog because of deep well injection, three occurred in 
1970, five occurred in 197 1, and two occurred in 1972. The occurrence of two events per year in 
1972 cannot be definitively classified as induced rather than natural seismicity based on the rate of 
seismicity; it is the pore-fluid diffusion study of Hsieh and Bredehoeft (1981) that guides the 
designation of earthquakes through 1972 as being related to injection. We include the possibility 
that the 1972 events are natural earthquakes by allowing for variable b-values (and hence variable 
rates at magnitude 5) ,  as discussed below. 

As a result of these considerations, seismicity in the area of the Rocky Mountain Arsenal well was 
removed from the Colorado catalog from November 1961 through December 1972. While it is 
possible that subsequent seismicity might be related to injection, if this is the case the level of 
seismicity will decrease because of further pore-fluid diffusion, and the seismic hazard presented 
here will be slightly conservative. 

Seismicity near the Rocky Mountain Arsenal is modeled in association with the RMOerby  source, 
which is described in Appendix A on "Seismic Source Characterization." Seismicity parameters for 
the RMA/Derby source calculated from historical seismicity are described below, and an alternative 
derivation using slip rate is described in Appendix A. \ 

New Mexico.: This was an aftershock sequence following the M, = 5.1 earthquake on 
January 23, 1966 that lasted until January of 1967 (Herrmann et al., 1980; Kirkham and Rogers, 
1985, p. 63). Ninety-four aftershocks were reported, and all were deleted from the catalog (the 
mainshock was retained). 

1984: This was a swarm of 17 earthquakes that occurred in April and May 
of 1984 (Goter et al., 1988; Kirkham and Rogers, 1985, p. 85). Magnitudes ranged from 1.9 to 3.2. 
Sixteen of the events were deleted from the catalog and the largest (ML = 3.2) was retained. 

m d  B u ~ e .  Colorado. 1986: This was a swarm of 26 earthquakes of ML = 1.6 to 3.5 that 
occurred between August and October of 1986 (Cranswick, 1988). Twenty-five events were deleted 
from the catalog and the largest (ML = 3.5) was retained. 

With the dependent foreshocks, aftershocks, and swarm events removed, it is possible to present 
some summary results for the Colorado catalog. Table D-1 shows a summary of earthquakes for 
magnitude MLI by magnitude interval and time, and Table D-2 shows a similar summary for 
magnitude M,. Note that in Tables D-1 and D-2 the time steps are initially ten years, then five 
years, then one year. These data exhibit the usual characteristics of earthquake catalogs, that the 
small earthquakes are completely reported only recently, and earthquakes reported in the early years , @ are relatively large. Table D-3 shows similar results for M,. 

(\ 
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Figure D-6 shows "Stepp plots" of the data for magnitudes corresponding to I,, = I11 through VI. 
These follow the method of Stepp (1970) to identify periods of complete reporting. The method 
works backwards from the present, calculating the activity rate (number of observed events/time 
period), and the statistical standard deviation of the activity rate based on the number of 
observations. For the period when the observed rate is flat (within the statistical error) and the width 
of the one-sigma bounds is decreasing steadily, the observed activity rate is stationary for that 
magnitude level. Where the observed rate decreases, the cause is presumed to be incomplete 
reporting. From this analysis the following periods of stationarity are interpreted: 

Period of 
L -L, u 

III 3.0 
rv 3.7 
V 4.3 
VI 5 .O 

2.3 7 years 
2.9 10 years 
3.6 30 years (?) 
4.3 50 years 

These interpretations are obviously uncertain. They are combined with other analyses of 
completeness in the next section to derive quantitative measures of completeness in the early years. 

EARTHQUAKE CATALOG INCOMPLETENESS 

All earthquake catalogs are incomplete because they do not contain every earthquake that has 
occurred in the study region over all of recorded time. For seismic hazard analysis the goal is to 
quantify this incompleteness so that rates of activity can be accurately estimated. In the early years 
of seismic hazard analysis only the most recent complete parts of the catalog were used; in more 
recent studies (e.g., EPRI, 1986, Section 4) the entire catalog is used, including times during which 
reporting has been only partially complete. 

The primary method used to identify and evaluate historical earthquakes is through newspaper 
accounts (e.g., Dames & Moore, 1981; McGuire et ai., 1982; Oaks and Kirkham, 1986). 
Newspapers have been better archived than personal accounts and are more readily available. In 
Colorado, substantial work has been done to locate earthquake reports in newspapers of the state. 

In an attempt to use newspapers to quantify the completeness of the earthquake (record, we 
developed a method to estimate Pd (ML, t), the probability of detection of a randomly-located 
earthquake as a function of magnitude ML and time, i.e., the probability that an earthquake occurring 
in Colorado of magnitude ML at time t would be felt, reported, and included in today's catalog. 
Ultimately this analysis of newspaper data was discarded in favor of a purely empirical method of 
estimating Pd, but it is useful to describe the newspaper analysis as background for issues related to 
the correction of earthquake data for completeness. 

To quantify Pd from newspapers, we obtained the location and history of currently-archived 
newspapers in Colorado from Library of Congress (1984), and performed a quantitative analysis 
to determine, for any ML and time, whether that earthquake would have been sufficiently felt at 
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locations with newspapers to be reported and later included in a catalog of earthquakes. The criteria 
for being "sufficiently felt" were defined as follows: 

1. One town with a currently-archived newspaper was within the first isoseismal of the 
earthquake (which is estimated to occur at a distance of 13 km), or 

2. Three towns with currently-archived newspapers were within the felt area of the earthquake. 

Figures D-7 through D-10 illustrate the locations of newspapers in Colorado in the years 1870, 
1900, 1940, and 1960. For the calculations, the following equation was used to represent felt radius 
(in km) as a function of magnitude M,: 

0.03 0.41 ML r = 10 

which is derived from Kirkham and Rogers (1985, p. 92). Illustrations of this felt radius are shown 
in Figures D-7 through D-10 for magnitudes (Mu) corresponding to I, = II' through VIII, for one 
hypothetical epicenter in western Colorado. In the analysis, hypothetical earthquakes were placed 
at grid points spaced 0.05 degrees apart (both for longitude and latitude) and probabilities were 
calculated for each year and magnitude level using the fraction of grid points that met the criteria 
defined above. 

Results of the regional analysis are illustrated in Figure D- 1 1, which shows P, values as a function 
of I, and time. For this calculation, Mu values were used that corresponded to integer I, values, 
using Equation (D-13). The correspondence is as follows: 

I, Mu 

n 2.0 
rn 2.6 
rv 3.3 
V . 4.0 
VI 4.6 
VII 5.3 
vm 6.0 

If the Pd values shown in Figure D-1 1 are accurate, they should result in adjusted activity rates that 
are constant with time at each magnitude level. Figure D-12 shows the average seismicity rate of 
earthquakes calculated starting from different times in the past to the present, for I, = TI1 through 
VI. Smaller events (I, = II) are not included because they are incomplete, even today. Larger events 
(I,, > VI) consist of only one earthquake, so a detailed analysis cannot be performed. Two curves 
are shown in each plot of Figure D-12: the "actual" curve shows rates calculated for each year as 
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j =_ i 

and the "adjusted" curve shows rates calculated for each year as I 

1992 1992 
adjusted d a t i v e  rate (year i) ( (no. tarthsuakts in Y= j) P, (ML. j>@-16) 

j = i  j - i  

This corrects for the incompleteness in early years when the catalog is only partially complete. Note 
that Equation D-16 is nat the Same as adjusting the number of earthquakes in each year by (dividing 
by) P d ,  summing those adjusted numbers, and dividing by the interval. Equation D-16 gives the 
maximum likelihood estimate for the rate, adjusted by P d  estimated for each magnitude and time 
interval. For the plots in Figure D-12, I,, = V and VI earthquakes were assumed to be complete since 
1962, when the World-Wide Standardized Seismograph Network was installed, and I, = IV 
earthquakes were assumed to be complete since 1974 when regional networks became common. 
While no regional network was established in Colorado in 1974, this date is consistent with the 
magnitude-completeness threshold indicated by Engdahl and Rinehart (1991, Figure 3). The 
decrease of the actual rates in Figure D-12 as the curves go to earlier times results from incomplete 
reporting of events (the numerator in Equation (D-16) is not as large as it should be). 

Figure D-12 shows that the P d  values from Figure D-11 are not very accurate for the earlier times. 
If the catalog were complete throughout d l  time, or the Pd values were accurate to correct the 
catalog for incompleteness, we would expect to see a horizontal line for the adjusted average 
seismicity rate, equal to the rate observed in the recent past (excluding the most recent few years 
when the observation period is too small to establish any rate at all). For I, = III and VI, the 
adjusted rates decrease at earlier times than the peak rate, and for I, = IV and V the adjusted rates 
continue to increase at earlier times than the peak rate. This suggests that the newspaper analysis 
is over-correcting at some intensities and under-correcting at others. 

( 

As a result of the newspaper analysis, the P d  values in Figure D-11 were not used and a purely 
empirical approach was adopted to determine P d  (ML, t) values that resulted in uniform adjusted 
rates of activity with time. A second requirement was that the estimates of rates for the lower 
magnitude values should be consistent with an exponential magnitude distribution. Accordingly, 
the historical record was divided into four periods and P d  values were calculated for each period by 
dividing the observed rate in that period by the highest rate observed in the most recent period. This 
ensured that adjusted activity rates in the prior years were consistent with recent history, when the 
catalog is believed to be most complete. In addition, we applied the logical constraint that the P d  
for any time and I, could not be lower than the P d  for that same time and a lower I,. Table D-4 
documents these Pd values, and Figure D-13 shows them graphically. The P d  value for I, = I11 in 
the most recent period (Pd = 0.83) was calculated by determining that a rate of 4.5 events per year 
of I, = 111 is consistent with rates observed for higher I,, and with an exponential magnitude 
distribution. 
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Figure D- 14 shows the actual and adjusted average seismicity rates using the Pd values presented 
in Table D-4 and Figure D-13. The plots in this figure indicate that the adjusted rate is constant for 
the earlier times and approximately equal to the highest rate observed in recent times when the 
catalog is complete. This validates the time periods and Pd values in Table D-4. 

The Pd values shown in Table D-4 and Figure D-13 are the values adopted to adjust earthquake rates 
in early years. These adjustments are used both in the historical seismic hazard analysis and in the 
calculation of activity rates and b-values for seismic sources (see the sections that follow). The 
advantage of using these Pd values is that, for small seismic sources, the entire time period of the 
catalog can be used for estimates of activity rate and b-value, not just the most recent complete time 
interval. 

\ 

HISTORICAL EARTHQUAKE HAZARD I 

The historical seismic hazard is a useful way to give perspective on what the seismic hazard has 
been at the site and what might be reasonable levels of hazard from future earthquakes. The 
methodology follows that developed by Veneziano, Cornell, and O'Hara (1984). The method is 
summarized in Figure D-15 and a description of the steps involved follows. 

Earthquakes in the vicinity of the site are assembled (Figure D-l5a), and the dismbution of possible 
ground motions at the site are estimated using a ground motion equation appropriate for the region 
(Figure D-15b). Any measure of ground motion can be used by the method; in this study we will 
use peak ground acceleration ( E A )  and spectral velocity at 10 and 1 Hz, to cover the range of 
frequencies of engineering interest. In estimating ground motion amplitudes, randomness in the 
ground motion equation is taken into account, so that a range of possible amplitudes is produced by 
any one historical earthquake. (Each value in the range is weighted by its probability, as obtained 
from the ground motion equation. Thus, for example, if ten amplitudes are used to represent the 
range, each amplitude is assigned a value of 0.1) These estimated amplitudes from the historical 
earthquakes are ordered from highest to lowest, and a cumulative number of amplitudes is obkned 
by counting from the top down (Figure D- 1%). In this way the randomness in the ground motion 
equation is incorporated. Finally, the cumulative number of observations is divided by the time 
period of the catalog to estimate annual frequencies with which amplitudes have occurred at the site 
(Figure D-15d). 

The actual application is more complicated, because of several factors. First, realistic earthquake 
catalogs have different times of completeness for different magnitude levels, and these must be 
taken into account. This is done by accounting for the "equivalent period of'completeness," as 
described below. Second, there is uncertainty in the ground motion estimation equation. This is 
handled by producing multiple historical hazard curves, one for each ground motion equation. 
Finally, any uncertainties in historical earthquake magnitudes and locations are incorporated into 
the analysis by weighting the available interpretations. This method is used so that we can evaluate 
the effect of uncertainties in the magnitude and location of the 1882 Colorado earthquake. 

The results from this method are valid for annual probabilities that are no lower than the inverse of 
the number of years covered by the catalog, so we can only expect to accurately estimate annual 
probabilities down to about 0.01 per year with an earthquake history of 123 years. In fact the 30 
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years of complete data (see Table D-4) suggest that the accuracy for small earthquakes may be good 
for annual probabilities of about 0.03 or higher. The seismic hazard results from a range of 
earthquakes, both smd and large, so the accuracy of the historical method is best stated as the range 
of probabilities of 0.01 to 0.03 and higher. Making certain that seismic hazard results are reasonable 
for these annual probabilities gives some constraint on the values that are reasonable at lower annual 
probabilities. 

. 

This method was applied to the Rocky Flats Plant using the following assumptions. First, all seven 
attenuation equations developed for this project (see Appendix E) for rock conditions were used to 
create historical seismic hazard curves. Second, separate analyses were run with the ML, and M, 
magnitudes in the Colorado catalog. This created fourteen combinations of input parameters. Third, 
uncertainty in the location of the 1882 Colorado earthquake was accounted for by using multiple 
locations and weights on each. The uncertainty distribution was taken from Appendix C, as was the 
ML estimate (mean magnitude of 6.3). 

A fourth assumption is that the incompleteness in reporting of earthquakes (see the previous section) 
can be accounted for by correcting the observed number of historical earthquakes (of a given 
magnitude and at a given time) by Pd(ML,t) to obtain a best estimate of the actuuf number of 
earthquakes that occurred. To obtain an idea of the effect of Pd(hfL,t), we calculate an equivalent 
period of completeness T,(MJ for each magnitude level. This is defined as 

This definition is consistent with that of EPRI (1986, p. 4-20). The function previously defined for 
P,(ML, t) is used in this assessment. This definition of T,(MJ means, for example, that if a 100- 
year catalog is 50 percent complete for magnitude ML for the first 50 years, and is 100 percent 
complete for the second 50 years, T, = 75 years. Stated another way, the data available are 
equivalent to a complete catalog of 75 years duration. Calculated values of T,(MJ are as follows 
(see also Table D-4): 

, 

L ML1 Mu - 
III 3.0 2.3 14 
IV 3.7 3.0 50 
V 4.3 3.6 66 
VI 5.0 4.3 86 
VI1 5.7 5.0 86 
VI11 6.3 5.6 123 

The number of observations is divided by Tq to obtain an annual rate (see Figure D-15d), in a 
manner that is equivalent, for the historical analysis, to estimating maximum likelihood rates of 
seismicity (Equation D-16). 

Figure D-16 shows the historical seismic hazard curves for PGA. The top plot indicates results for 
the M,, magnitudes, the bottom plot for the M, magnitudes. The seven curves represent the range 

( 
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of ground motion equations developed for this project. Figures D-17 and D-18 show similar results 
for 10 Hz and 1 Hz spectral velocity (5% damping). These figures show individual hazard results 
for each combination of inputs. 

A more integrated summary of the historical seismic hazard is presented in Figures D-19, D-20, and 
D-21 for the,three ground motion measures. These fi-actile seismic hazard curves were obtained by 
weighting the individual results using the following weights: 

magnitudes M,, = 
magnitudes M, = 

Total: 

Campbell empirical attenuat'm: 
Sadigh empirical attenuation: 
Joyner-Boore empirical attenuation: 
analytical attenuation no. 1 : 
analytical attenuation no. 2: 
analytical attenuation no. 3: 
analytical attenuation no. 4: 

Total: 

0.5 
Q3 

1 .o 
0.167 
0.167 
0.166 
0.023 
0.227 
0.227 
0.023 

1 .o 
The above weights for attenuation equations were obtained by (a) giving equal weight to empirical 
vs. analytical attenuations, (b) weighting the three empirical equations equally, and (c) using weights 
on the analytical attenuation that capture the uncertainty in the median analytical attenuation 
function (see Appendix E). The fractiles represented in Figures D-19, D-20, and D-21 represent 
uncertainties caused by uncertainties in the magnitudes and attenuation equations. The reason that 
these fractile curves are more closely spaced than the individual curves (Figures D-16, D-17, and 
D-18) is that the extreme individual curves have low weight, in other words they are outside of the 
10% and 90% fractiles. These fractiles are appropriate to compare to analytically-derived seismic 
hazard curves documented in the project. 

ACTIVITY RATES AND b-VALUES 

Rates of seismic activity and b-values are required for seismic sources in a seismic hazard analysis. 
The rate of seismic activity v5.0 is the annual rate of earthquake occurrences with M, 2 5.0 in a 
source. The b-value is the slope of the exponential magnitude distribution: 

@- 18) log N(M,)=a - b M, 

where N(MJ is the number of earthquakes over a defined time period with magnitude 2 M,, and 
a is a constant (it is the antilog of the number of earthquakes at magnitude 0). If N(MJ'is defined 
as the annual number of earthquakes in a seismic source, then v ~ , ~  is: 

I 10 - b x 5.0 
"5.0 = @- 19) 
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The rate v ~ , ~  and slope b are calculated using the maximum likelihood procedure, which in its 
simplest form has the following solution: 

v ~ , ~  = N(M,>S.O)/t 

b In 1 0 / ( q  - m,,) 

where t is the period of the catalog and mL is the average magnitude of earthquakes above m,,. In 
practical applications the magnitudes are grouped into bins because many of them have been 
converted from h4M intensity, and the data set is not complete at all magnitude levels for the entire 
catalog. For these applications, Weichert (1980) provides a maximum likelihood solution requiring 
an iterative method. This method is implemented here, using for each magnitude level an equivalent 
period of completeness Tq as defined previously (Equation D-17) and as used by EPRI (1986, p. 

- 

4-20). 

The first analysis conducted here used the entire Colorado catalog, without seismic sources, and 
used magnitudes flu and flu as defined in Equation (D-12). The resulting b-value plots are shown 
in Figure D-22. The data are shown with one-spdarddeviation error bars to indicate how disperse 
the observations are. The data point at the high magnitude end in each plot results from the 1882 
earthquake. The fitted lines are the maximum likelihood solution (best estimate and f 1.73 times 
one sigma) plotted through the mean magnitude of the data. The use of 1.73 times one sigma is 
discussed below. 

The final step was to estimate rates and b-values for the individual seismic sources derived for this 
project. These sources are shown on Figure D-23. For Sources I, 11, and I11 there is uncertainty on 
whether the 1882 earthquake occurred in that source. As a result, four basic estimates of ~ 5 . 0  and 
b were made for these three sources: for Mu or a, and with or without the 1882 earthquake. The 
resulting fits are shown in Figures D-24 through D-26 for Sources I, II, and III, respectively, and 
in Figures D-27 and D-28 far Sources lV and V. The results are presented in tabular form in Table 
D-5 for each source separately and for the Colorado catalog as a whole. In addition to vse0 and b, 
the standard deviations of the estimates are included. For Sources I and II, the coefficients of 
variation of ~ 5 . 0  and b are about 25%-30%; for Source III they are somewhat lower (more data are 
available for Source III). For Source V (Figure D-28), there were very few historical earthquakes. 
Hence we adopted a b-value of 0.75 for this source (a typical 6-value for the entire catalog--see the 
bottom two rows of Table D-5). The low seismicity of Sources IV and V mean that they do not 
contribute significantly to the hazard at Rocky Flats, so the uncertainty in rate and 6-value need not 
be extensively characterized for these sources. 

A special study was made of seismicity in the vicinity of the Rocky Mountain Arsenal (RMA), 
because of the potential importance of this seismicity to seismic hazard at the RFP. This seismicity 
is shown on Figure D-29, and historical earthquakes are listed in Table D-7. For purposes of 
analyzing the historical seismicity, two areas were used to collect earthquakes for statistical analysis: 

1. Reglon: Events within 20 lan of the linear representation of the RMA/Derby source (this 
includes all events listed in Table D-7 and shown in Figure D-29) and 
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2. Region: Events within 5 km of the linear representation of the RMA/Derby source (this 
includes events within the elliptical region identified on Figure D-29 as "Geometxy 1"). See 
Appendix A for a description of the RMADerby source location. An exception was that 
event 2, which occurred in 1916 and is located at 40"N, 105"w, was not considered in 
Region B because of low precision in the location estimate. With a large location 
uncertainty, it is more probable that event 2 occurred outside of Region B than inside. This 
event is considered within Region A. 

I 

These two hypotheses were investigated because it is not possible to determine precisely which 
events are associated with the RMA/Derby source and which are part of the off-fault background 
seismicity. The above assumptions are reasonable alternative interpretations given the uncertainties 
in epicentral locations (particularly for the pre-instrumental shocks) and the uncertainties in fault 
geometry at depth. Note that the difference in seismicity rates is generally less than a factor of two 
for the two regions. 

I 

Figures D-30 and D-31 show plots of the historical seismicity for Regions A and B, for M,, and 
Mu For these applications there were insufficient earthquakes to establish a statistical b-value, so 
a value of 0.75 was chosen. This value is supported by the analysis of historical seismicity for the 
entire Colorado catalog, which indicates b-values of 0.72 and 0.81 depending on the MMI 
conversion used, and by the analysis of historical seismicity in Sources I to III, which indicate an 
average b-value of 0.74 (see Tathe D-5 for these specific values). Also, the uncertainties in the b- 
value were chosen to be consistent with ob = 0.165, which is the average o b  for Sources I and I1 
which have few data (see the results in Table D-5 for Sources I and II). 

. 

To calculate the rate of seismicity (number of events divided by Ti) as shown in Figures D-30 and ' 
D-31, the period November 1961 through December 1972 was subtracted from Tq This is 
consistent with the removal of all events during this time period, and gives unbiased estimates of 
the observed rate of activity. 

For purposes of seismic hazard calculations, two geometries for the RMA/Derby source were used, 
as follows: 

1. RMA/Derby Source Geo-1: This geometry uses the linear representation of the 
RMADerby source (see Appendix A) and assumes a 5 km region around that inferred 
location to delineate a source area (see Figure D-29). Because the style of faulting is 
unknown, as is the three-dimensional geometry, this area source is considered a reasonable 
representation of the fault geometry. (This geometry is identical to RMA/ Derby Region B 
described above and used to collect seismicity.) 

2. BMA/Derby Source Geometly2: This geometry recognizes that the inferred location of the 
RMpJDerby source may be incorrect, and uses an elliptical area around the Rocky Mountain 
Arsenal well to delineate the fault location (see the elliptical area extending northwest from 
the RMA well on Figure D-29). This area also represents uncertain fault location,.strike, 
down-dip width, and style of faulting. 

To calculate seismic hazards based on historical seismicity, the seismicity parameters from both 
Region A and Region B (described previously) were assigned to both RFIPi/Derby Source Geometry 
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1 and RMA/Derby Source Geometry 2. This was done because the inherent uncertainty i n  the 
location of the earthquake source, and the uncertainties in locations of historical earthquakes, are 
large enough that i t  was not felt appropriate to ascribe one region (for collecting earthquakes) to 
only one source geometry. 

The FWA/Derby source is evaluated to have probability of activity of 0.5 (see Appendix A). For 
the case when the RMA/Derby source is considered active, the historical seismicity represented by 
it cannot also be assigned to the host source (which is Source I). Hence two additional analyses of 
historical seismicity were conducted for Source I, eliminating fmt the seismicity in Region A and 
then that in Region B. Both of these analyses resulted in rates of seismicity, b-values, and 
uncertainties such that the estimated rates of activity above ML = 5 were similar to the rates 
estimated for Source I alone (without elimination of seismicity from Regions A and B). Because 
the W r b y  source produces seismic hazard that is higher than from Source I, it is an acceptable 
(and slightly conservative) approximation to use the Source I seismicity for all representations of 
Source I, even when the RMA/Derby source is active. 

The final selection was to choose specific pairs of values of v5.0 and b for each source to represent 
uncertainty in the entire estimation process. This uncertainty is contributed by three factors, which 
are weighted as follows: 

I, - M, conversion (Mt, vs ML): weight 0.5 each 

Uncertainty in rate and b-value (for Sources I, I1 and In, and Source I without the 
RMA/Derby source): use three values of b that represent the central value and alternative 
values off 1.73 a, with weight of 0.666 on the central value and 0.167 on each alternative. 
These reflect the statistical uncertainty in b; the statistical uncertainty in the rate at the mean 
magnitude of the data is small (see Figures D-24 through D-26) and is ignored, and v5.0 is 
calculated using alternative b-values plotted from the mean magnitude of the data. 

\ 

Uncertainty in rate and b-value (for the RMADerby source): use three values of v and b - 

that represent the central value and alternative values of 1.73 u, with weight of 0.666 on 
the central value and 0.167 on each alternative. Calculate the alternative values of v at the 
magnitude used to estimate the rate; extrapolate using the central and alternative b-values 
to obtain nine values of v5,-, and b. This procedure maintains the statistical correlation 
between v and b so that the values of vs.o and b properly represent the joint uncertainty 
distribution. 

Uncertainty in the location of the 1882 earthquake: assume in Source I with weight 0.18, 
in Source II with weight 0.35, and in Source III with weight 0.47 (these values are calculated 
from the results in Appendix C). 

The L-ML conversions have equal credibility, as discussed in previous sections. The uncertainty in 
b and, where applicable, in v, is represented with a discrete distribution with three values, and the 
values selected above (number of standard deviations and weights) have the property that they 
reflect the second and fourth moments of a normal distribution accurately. (The first moment, the 
mean, is reflected accurately by choice of the central value, and the third moment, the skewness is 
zero by the choice of equal deviations from the mean. Thus all four moments of the distribution are I 
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accurately represented.) This procedure is valid both for empirical distributions derived from many 
observations or for the selection of u,, based on non-empirical considerations. 
The explicit modeling of uncertainties in the b-values deserves further explanation. The modeled 
uncertainty coves a range of assumptions that might lead to higher or lower rates at M > 7.5, as 
follows: 

The completeness times selected by the empirical analysis described earlier may be too longs 
or short, meaning that the rate of activity should be higher or lower than estimated. 

0 The RMA/Derby source, and some other sources, may follow a characteristic distribution, 
so the rate for M > 5 should be higher than estimated by extrapolating seismicity at lower 
magnitudes using a standard b-value. 

Some distribution other than the exponential may govern seismicity over the short term. The 
exponential distribution has been found to work empirically for many regions, worldwide, 
but other distributions may be more appropriate for specific sources or times. , 

0 For the -by source, seismicity in 1972 (and, perhaps, earlier years) may have been 
natural, whereas that seismicity was treated as induced here. 

All of these reasons emphasize that the exrrapolation of small-earthquake seismicity rates to estimate 
rates for M > 5 is uncertain, and in many cases is difficult to quantify. The use of uncertain b-values 
and rates accounts for these uncertainties and allows a reasonable and justified hazard analysis to 
be conducted. 

The uncertainty in the location of the 1882 earthquake was determined using the uncertainty analysis 
presented in Appendix C. This uncertainty analysis resulted in regions of Colorado where the 1882 
earthquake might have occurred, and associated probabilities. Source I, XI, and III were overlaid 
on these regions to determine the probability, based on the Appendix C analysis, that the 1882 
earthquake occumd in each of those sources. 

The frnal calculated values of vs.o and b are shown in Tables D-6 and D-8. Uncertainty in the rates 
~ 5 . 0  and b-values were represented with multiple discrete values. The values and weights were 
chosen so that the original statistical uncertainty (from the maximum likelihood fits to the data) was 
replicated, i.e., the first four moments of the statistical distribution are duplicated by the discrete 
values and weights. Note that uncertainty in b translates to changes in v ~ . ~ ;  in fact, this contributes 
to most of the u, values shown in Table D-5. The additional uncertainty in ~ 5 . 0  caused by 
uncertainty in the rate at the average magnitude value is very small for Sources I through V (see the 
error bars in  Figures D-24 through D-28 at the average magnitude level--where the curves cross). 
As a result the uncertainty in ~ 5 . 0  is calculated here from the uncertainty in b, for Sources I through 
V. For the RMADerby source the uncertainty in vs.o was large (because of the small number of 
events), so both u, and ub were accounted for explicitly. 

In Sources IV and V, very few earthquakes have occurred historically and the maximum likelihood 
estimates are not well-constrained. As an alternative, we use a b-value of 0.75 and calculate the rate 
at M, = 5 using the rate observed for the lowest magnitude interval. This is a reasonable 
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approximation, and is justified because the distance of these sources from the Rocky Flats Plant, and 
their low rates of activity, mean that they will not contribute to the seismic hazard. 

CONCLUSIONS 

A,uniform catalog of earthquakes for Colorado has been assembled from available sources (the U.S. 
Geological Survey, the Colorado Geological Survey, and published summaries of earthquakes). 
Estimates of local magnitude ML from MM intensity I, and body-wave magnitude m, incorporate 
uncertainties explicitly. 

An attempt to estimate the completeness of the earthquake catalog i n  early years using newspaper 
locations and dates of publication did not yield probabilities of detection that were consistent with 
the recent record. Therefore, a purely empirical analysis was used to calculate probabilities of 
detection for the early years. This allows all seismicity in small seismic sources to be used for the 
estimation of activity rate and b-value. 

The historical seismic hazard method was applied, using the derived earthquake catalog and 
probabilities of detection. For the two magnitude conversions and seven attenuation equations this 
shows the historical hazard, and is accurate down to annual probabilities as low as 0.03 to 0.01. 

(.@ 

The maximum likelihood method was used to calculate activity rates and b-values for the seismic 
sources specified for the hazard analysis. Alternative discrete sets of values are calculated for 
different I, to ML conversions, for different locations of the 1882 Colorado earthquhce, and for 
different rates and 6-values, representing statistical uncertainties in those parameters where 
appropriate. This gives a range of activity rates and b-values for the seismic hazard calculations. 

0 c 
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TABLE D-1 

EARTHQUAKE COUNTS BY MAGNITUDE INTERVAL AND TIME, USING M,, 

SOURCE FREQUENCY DISTRIBUTION PLOT OF EARTHOUAKES - 
BY MAGNITUDE FOR COLORADO 

BY DECADE 

&I= 
but< 

1870 I 
18801 
1890 I 

1900 I 
1905 I 
19101 
1915 I 
1920 I 
1925 I 
1930 I 
1935 I 
1940 I 
1945 I 
1950 I 
1955 I 
1960 I 
1965 I 

1970 I 
1971 I 
1972 I 
1973 1 
1974 I 
1975 I 
1976 I 
1977 I 
1978 I 
1979 I 
1980 I 
1981 I 
1982 I 
1983 I 
1984 I 
1985 I 
1986 I 
1987 I 
1988 I 
1989 I 
1990 1 
1991 I 
1992 I 
--_-- 

BEFORE 1900, THEN BY FIVE YEARS TO 1970, THEN YEARLY 

2.00 
267 --__ 

2 

1 

1 

1' 

2 

2 
2 
1 
4 
3 
7 

---__ 
26 

2.67 
3.33 

1 

1 

1 
3 

1 
1 

2 
2 
12 

5 

1 
1 
3 
3 

1 
3 

3 
2 
2 
2 
3 
3 
2 

3 

61 
_-_ 

333 
4.00 -_ 

1 
4 '  
2 

2 

1 
2 
1 

4 
4 
1 
3 
4 
7 

3 
1 

1 
1 
1 

1 

2 
1 

1 

1 

_I_ 

49 

4.00 
4.67 
---- 

2 '  
3 

1 
1 

3 
2 

2 .  

1 

2 
3 

2 

1 
. .  

I 

--___ 
24 

D-21 

4.67 
5.33 

2 
1 
1 

1 

1 

2 
2 

J . I  

1 

_--_- 
11 

. .  

--__ 
0 

5.33 6.00 
6.00 6.67 

_--- 
7.33 1 
8.00 

0 
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TABLE D-2 

EARTHQUAKE COUNTS B Y  MAGNITUDE INTERVAL AND TIME, USING M,, 

SOURCE FREQUENCY DISTRIBUTION PLOT OF EARTHQUAKES 
BY MAGNITUDE FOR COLORADO 

BY DECADE BEFORE 1900, THEN BY FIVE YEARS TO 1970, THEN YEARLY 
w/= 
but< 

1870 I 
18801 
1890 I 

1900 I 
1905 I 
1910 I 
1915 I 
1920 I 
1925 I 

' 19301 
1935 I 
1940 I 
1945 I 
1950 I 
1955 I 
1960 I 
1965 I 

1970 I 
1971 I 
1972 I 
1973 I 
1974 I 
1975 I 
I976 I 
1977 I 
1978 I 
1979 I 
1980 I 
1981 I 
1982 I 
1983 I 
1984 I 
1985 I 
1986 I 
1987 I 
1988 I 
1989 I 
1990 I 
1991 I 
1992 I 

1.93 
259 

1 

1 

1 
3 

. .  
1 
1 

2 
1 
3 

4 

1 

1 

2 

1 
2 
1 
3 
3 
6 

-- 
38 

2.59 
3.26 - 

1 
4 
2 

2 

1 
2 
1 

4 
4 
1 
3 
3 
6 

2 

1 
1 
3 
3 

1 
3 

3 
2 
3 
2 
2 
4 

:2 
1 
3 

70 

3.26 
3.93 
--__ 

2 
3 

I 
1 

3 
2 

. ., . 
2 

1 

3 
12 

3 
2 

1 
1 

1 

1 

2 
1 

1 

1 

1 

45 

D-22 

3.93 
4.59 
--- 

2 
1 
1 

1 

1 

2 
1 
2 

1 

1 

1 

1 

----- 
15 

4.59 
5.26 --_ 

2 
1 

5.26 
'5.93 

5.93 
659  - 

1 

6.59 
7.26 -- 

. I  

1 0 
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TABLE D-3 

EARTHQUAKE COUNTS BY MAGNITUDE INTERVAL AND TIME, USING M, \ 

SOURCE FREQUENCY DISTRIBUTION PLOT OF EARTHQUAKES 
BY MAGNITUDE FOR COLORADO 

BY DECADE BEFORE 1900, THEN BY FIVE YEARS TO 1970, THEN YEARLY 

hbl= 
but< 

I 

1870 I 
1880 I 
1890 I 

19OO I 
1905 I 
1910 I 
1915 I 
1920 I 
1925 I 
1930 I 
1935 I 
1940 I 
1945 I 
1950 I 
1955 I 
1960 I 
1965 I 

1970 I 
1971 I 

-' 1972 I 
1973 I 
1974 I 
1975 I 
1976 I 
1977 I 
1978 I 
1979 I 
1980 I 
1981 I 
1982 I 
1983 I 
1984 I 
1985 I 
1986 I 
1987 I 
1988 I 
1989 I 
1990 I 
1991 I 
1992 I 

1.63 
230 
_---- 

. .  

. .  

2 

1 

1 

1 

2 
1 
2 

_-_-- 
lo 

230 
2% 

1 

1 

1 
3 

. .  

1 
1 

2 
2 
2 

. 4  

2 
2 

1 
3 

1 
1 
4 
4 
2 
4 
3 

2 

52 

s 
-__-_ 

2% 
3.63 
- 

1 
.4  
2 

2 

1 
2 
1 

4 
4 
1 
3 
3 
12 

1 

2 
1 

1 
1 
1 
2 

2 
4 
1 
1 

2 
1 
1 
1 
1 

63 
----- 

3.63 
4.30 
-I_ 

2 
3 

1 
1 

3 
2 

2 

1 

2 
6 

2 
3 

1 

1 

1 

1 

-_-_ 
32 

' D-23 

4.30 
4% 

2 
1 
1 

1 

1 

2 
3 
2 

1 

. .  

I-_ 

14 ' 

5.63 
6.30 

. '  

. .  

0 
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VI1 

VI11 

TABLE D-4 

5.3 0.47 1 .oo 1 .oo 1 .oo 
6.0 1 .oo 1 .oo 1 .oo 1 .oo 

EMPIRICAL P, VALUES 
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rn 

Iv 

V 

COLORADO 

TABLE D-5 

RATES, 6-VALUES, AND UNCERTAINTIES 

Mf, Y .1110 .0118 .7395 .0632 

N .lo04 .0107 .7643 .0650 

M:, Y .0585 .0054 .6712 .0498 

N .0527 .0049 .6898 .0511 

Mf , NIA .0250 .0072 .7500 .2000 

M; , NIA .0024 -- .7500 .2000 

Mf, NIA .0013 -- .7500 -2000 

M;., NIA .OW7 .OW2 1.1090 .2149 

M;, NIA .1216 .0108 .8103 .0568 

M;., N/A .0639 .0050 .7232 .OM1 
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SOURCE MAGNITUDE 1882 EQ 

I MI', Y 

N 

M,., Y 

N 

n M;, Y 

N 

TABLE D-6 

V,, b WEIGHT 

.0446 .3620 .01503 

.0190 6474 .05994 

.008 1 .9329 .01503 

.0278 .4902 .06847 

.0082 3533 .27306 

.0024 1.2164 .06847 

.0267 .4186 .01503 

.0093 5438 .05994 

.0032 3690 .01503 

.0153 .5221 .06847 

.0039 ,7967 .27306 

.0010 1.0713 .06847 

.0458 .3825 .02923 

.0199 .6584 .11655 

.0087 -9343 .02923 

.0292 .5036 .05428 

SOURCE PARAMETERS AND WEIGHTS 

I11 

.003 1 A372 .21645 

.0007 1.1 237 .05428 

MI', Y .1572 .6302 .03925 

i i i n  7195 l%$l 
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SOURCE MAGNITUDE 1882 EQ V,, b 

.0784 .a488 

N .I443 .6519 

.loo4 .7643 

.a98 3768 

WEIGHT 

.03925 

.04426 

.17649 

.04426 
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TABLE D-7 

EARTHQUAKES NEAR ROCKY MOUNTAIN ARSENAL 

18-SEP-1982 39.90 104.91 2.8 3 2.80 2.80 

10 25-FEB-1984 39.92 105.02 2.5 3 2.50 2.50 

0 11 08-NOV-1989 39.829 105.106 2.5 4 2.50 2.50 
i * Earthquakes listed as "Felt" in the catalog were not used in subsequent quantitative analyses. 

EGGRF/RE?WRT/APPENDM.DS D-28 Risk Engineering, Inc. 



9217-COO-204, Rev. 0 

TABLE D-8 

RATES AND b-VALUES FOR RMMDERBY SOURCE 

Source 

RMAfDerby source 

RMADerby source 

RMAfDerby source 

RMAPerby source 

Seismicity 

Region A 

Region A 

Region B 

Region B 

M, 

M:, 

i 

* weights are rounded to nearest O.OOO1 

EGGRFIREPORTlAPPENDDD8 D-29 

V," 

.03307 

.00906 

.00248 

.02044 

.00560 

.00153 
DO78 1 
.00214 
.00059 

.04094 

.00690 

.00116 

.02553 

.00430 

.00072 

.01012 
BO171 
.00029 

.02633 

.00721 

.MI98 

.01497 

.00410 

.00112 

.00360 

.0oO99 

.00027 

.03057 

.005 15 

.00087 

.01722 

.00290 

.OOO49 
BO387 
.00065 
.o0011 

6-value 

.465 

.750 
1.036 
.465 
.750 
1.036 
.465 
-750 
1.036 

.465 

.750 
1.036 
-465 
.750 
1.036 
.465 
-750 
1.036 

.465 

.750 
1.036 
.465 
.750 
1.036 
.465 
.750 
1.036 

' .465 
.750 
1.036 
.465 
.750 
1.036 
.465 
.750 
1.036 

Weight* 

.0139 

.0556 

.0139 

.0556 

.2222 

.056 

.0139 

.0556 

.0139 

.0139 

.0556 

.0139 

.0556 

.2222 

.056 

.0139 

.0556 

.0139 

.0139 

.0556 

.0139 

.0556 
, .2222 
.0556 
.0139 
.0556 
,0139 

.0139 

.0556 

.0139 

.0h6 

.2222 

.056 

.0139 

.0556 

.0139 
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Figure D- 1 : Historical seismicity in Colorado. 
Dotted lines indicate longitudes and latitudes. 
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ROCKY MOUNTAIN - GREAT PLAINS 1830 - MAY 1993 

Figure D-2: Rocky Mountain-Great Plains Catalog 
,, 
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ROCKY MOUNTAIN - GREAT PLAINS CATALOG 

0 

0 

INTENSITY Io 

Figure D-3: M, - I, data and equations, this study. 
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Figure D-4: M, - I, data (from Kirkham and Rogers, 1985, 
p. 98, with Equations @-2) and @-4) superimposed). 
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Figure D-5: M, - m, data and equations. 
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YEARS FROM 1993 

Figure D-6: (a): 

(b): 

Stepp plot showing seismicity rate and uncertainty as a function of 
time interval for I, = 111. 
Stepp plot showing seismicity rate and uncertainty as a function of 
time interval for I, = IV. 
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Stepp plot showing seismicity rate and uncertainty as a function of 
time interval for I, = V. 
Stepp plot showing seismicity rate and uncertainty as a function of 
time interval for I,, = VI. 
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Figure D-7: Locations of Colorado newspapers in 1870 and felt areas for 
hypothetical earthquakes with I, = I1 to VIII at the same location. 
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COLORADO NEWSPAPERS 1900 

Figure D-8: Locations of Colorado newspapers in 1900 and felt areas for 
hypothetical earthquakes with I,, = II to VIII at the same location. 

D-38 Risk Engineering, Inc. 



Figure D-9: Locations of Colorado newspapers in 1940 and felt areas for 
hypothetical earthquakes with I,, = I1 to VIII at the same location. 

9217-COO-204, Rev. 0 

U;GRF/REFORT/APPENDKDS D-39 Risk Engineering, Inc, 



9217-COO-204, Rev. 0 

0 

0 

D 

...... 
VI11 

0 :  

0 :  

. . . . .  

. . . . _  

. .  
D 

.................. 0 c 

COLORADO NEWSPAPERS 1960 

Figure D-10: Locations of Colorado newspapers in 1960 and felt areas for 
hypothetical earthquakes with I, = I1 to VIII at the same location. 
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Figure D-1 1 : P, as a function of time, for the entire Colorado region, 
based on newspaper analysis. 
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0 
BEQINNINQ YEAR 

O%& 
BBQINNING YEAR 

Figure D-12: (a): 

(b): 

Actual and adjusted average seismicity rate from "Beginning Year" to 1993, 
I, = 111, newspaper analysis. 
Actualand adjusted average seismicity rate from "Beginning Year" to 1993, 
I, = IV, newspaper analysis. 
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INTKNSITY V, NEWSPAPER ANALYSIS - 

BEQINNING YEAR 

INTENSITY Vi, NEWSPAPER ANALYSIS 

Figure D-12: (c): 

(d): 

Actual and adjusted average seismicity rate from "Beginning Year" to 1993, 
I, = V, newspaper analysis. 
Actual and adjusted average seismicity rate from "Beginning Year" to 1993, 
I, = VI, newspaper analysis. 
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Figure D- 13: Pd as a function of time, based on empirical analysis. 
(. a- 
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INTENSITY 111, EMPIRICAL ANALYSIS 

6 

Figure D-14: (a): 

(b): 

Actual and adjusted average seismicity rate from "Beginning Year" to 1993, 
I, = 111, empirical analysis. 
Actual and adjusted average seismicity rate from "Beginning Year" to 1993, 
I, = IV, empirical analysis. 
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INTENSITY VI EMPIRICAL ANALYSIS 

0 
BEOINNINO YEAR 

INTENSITY VI EMPIRICAL ANALYSIS 

0 
BEOINNINO YEAR 

INTENSITY VI, EMPIRICAL ANALYSIS 

Figure D-14: (c): 

(d): 

Actual and adjusted average seismicity rate from "Beginning Year" to 1993, 
I, = V, empirical analysis. 
Actual and adjusted average seismicity rate from "Beginning Year" to 1993, 
I, = VI, empirical analysis. 
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Figure D-15: Steps involved in historical seismic hazard 
. method (from Veneziano et al., 1984). 
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HISTORICAL SEISMlC HAZARD for PGA using MU 

HISTORICAL SEISMIC HAZARD for PGA using Mu 

8 

PEAK ACCELERATION (g) 

Figure D-16: (a): Historical seismic hazard, Mt,,.for PGA. 
(b): Historical seismic hazard, Mu, for PGA. 
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HISTORICAL SEISMIC HAZARD for PSV l O H z  using Mu 
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Figure D-17: (a): Historical seismic hazard, ML,, for 10 Hz. 
(b): Historical seismic hazard, Mu, for 10 Hz. 
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HISTORICAL SEISMIC HAZARD for PSV lHz uafng Mu 

HISTORICAL SEISMIC HAZARI) for PSV 1Hz using Mu 

Figure D-18: (a): Historical seismic hazard, ML,, for 1 Hz. 
(b): Historical seismic hazard, M,, for 1 Hz. 
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Figyre D-19: Fractiles of historical seismic hazard for PGA. 

.o 

D-5 1 Risk Engineering, Inc. 



9217-COO-204, Rev. 0 

HISTORICAL SEISMIC HAZARD for PSV 1OHz 

SPECTRAL VELOCITY (cdsec)  

Figure D-20: Fractiles of historical seismic hazard for 10 Hz. 
._ 
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HISTORICAL SEISMIC HAZARD for PSV 1Hz 

PJ 

5 
CI w 
PI ' u  x 
PJ 
.E4 
0 * u 

d 
pc 

i 
\ 

90th Percentile - .  

\ 
- - -  50th Percentile 

- 10th Percentile \ 
I \ .  
I 

t \ '  

I \ 
I 

$ 

\ \ 
t 

\ . i  
\ 

\ \ 

. 

J 

1.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

SPECTRAL VELOCITY (cdsec)  

Figure D-21.: Fractiles of historical seismic hazard for 1 Hz. i 
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Figure D-22: (a): Historical seismicity for Colorado using ML,. 
(b): Historical seismicity for Colorado using M;. 
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Figure D-23: Historical seismicity in Colorado and seismic sources. 
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Figure D-24: (a) Historical seismicity for Source I using ML,, without 1882 earthquake. 
(b) Historical seismicity for Source I using ML,, with 1882 earthquake. 
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@ Figure D-24: (c) Historical seismicity for Source I using ME, without 1882 earthquake. 
i (d) Historical seismicity for Source I using ME, with 1882 earthquake. 
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Figure D-25: (a) Historical seismicity for Source I1 using ML,, .without 1882 earthquake. 
(b) Historical seismicity for Source I1 using ML,, with 1882 earthquake. 
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0 Figure D-25: (c) Historical seismicity for Source I1 using M;, without 1882 earthquake. 
[. (d) Historical seismicity for Source II using M;, with 1882 earthquake. 
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SOURCE III, h& 

Figure D-26: (a) Historical seismicity for Source I11 using ML,, without 1882 earthquake. 
(b) Historical seismicity for Source III using ML,, with 1882 earthquake. 
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Figure D-26: (c) Historical seismicity for Source 111 using M;, without 1882 earthquake. 
(d) Historical seismicity for Source IF using M;, with 1882 earthquake. 

EGGWAUPO RTlAk'PlWDK D8 D-61 Risk Engineering, Inc. 



9217-COO-204, Rev. 0 

1 

SOURCE IV, h& 
4 

4 a 

r& 
0 -  

3 %  a -  
b 

SOURCEIV, Ib& . 

4 a 

MAGNITUDE (m) 

Figure D-27: (a): Historical seismicity for Source IV using ML,. 
(b): Historical seismicity for Source IV using ML. 
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Figure D-28: (a): Historical seismicity for Source V using ML,. 
(b): Historical seismicity for Source V using M;. 
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Figure D-29: Seismicity in vicinity of Rocky Mountain Arsenal. 
Refer to Table D-7 for description of each event. 
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Figure D-30: b-value plot for RMA/Derby Region A 
(a) Historical seismicity for Region A using ML,. 
(b) Historical seismicity for Region A using ML. 
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Figure D-3 1 : b-value plot for RMA/Derby Region B 
(a) Historical seismicity for Region B using ML,. 
(b) Historical seismicity for Region B using M;. 
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APPENDIX E 

ATTENUATION RELATIONSHIPS 

by 

Risk Engineering, Inc. 
Boulder, Colorado 

EQE International, Inc. 
Evergreen, Colorado 

Pacific Engineering and Analysis Co. 
El Cerrito, California 

, 

INTRODUCTION 

The purpose of this Appendix is to derive methods of estimating seismic ground motions for rock 
conditions at Rocky Flats. For this purpose, estimates of crustal characteristics at deep depths 
(greater than several hundred feet) can be made on a regional basis using information such as sonic 
velocity logs from the Rocky Mountain Arsenal well. Site-specific information such as shear wave 
velocities measured at Rocky Flats in the top 100 feet of alluvium are not relevant to the estimation 
of rock ground motion; this infomation is used in Appendix F to estimate soil amplification factors 
for the shallow alluvium. 

Because of the general lack of seismicity in Colorado, there are no strong motion records with which 
to make purely statistical estimates of ground shaking during future earthquakes. Therefore, 
equations must be adopted from other regions, modifying those equations to account for differences 
in the characteristics of the earth's crust that affect seismic waves, where these characteristics are 
hown or can be estimated from seismological records, or from active testing (for example in wells). 
The purpose of this Appendix is to derive such equations for the estimation of ground motion at 
Rocky Flats. There are a range of possible methods of estimating strong ground motion at a site, 
from purely theoretical to purely empirical. These include the following: 

\ 

(1) Purely deterministic methods start with a representation of fault rupture, propagate 
seismic waves through the earth's crust, and estimate theoretical time histories of 
motion at the site of interest. 
Analytical methods use a spectral representation of the seismic source and, through 
random vibration methods, estimate ground motion in the frequency domain, from 
which distributions of time-series maxima can be obtained. This method has proven 
to be accurate in California where abundant strong motion data are available for 
comparison. 
Modified-empirical methods start with empmcal models obtained from strong motion 
data in other regions (e.g. California) and modify the attenuation equations based on 
estimated differences in regional attenuation. 

(2) 

(3) 
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(4) Purely empirical methods use data from the region of study to derive equations 
estimating ground motion as a function of magnitude and distance. 

For this study option 1 is not appropriate because the sense of slip in source areas, and even on faults, 
in Colorado is ambiguous. Also, the regional crustal structure changes across the Colorado Front 
Range, and is not known well enough to justify deterministic ground motion estimates. Option 4 is 
not available because there are no strong motion records available from Colorado earthquakes. The 
only records that might have been useful were finm the 1981 Derby earthquake aftershocks, but these 
records were inadequate to quantify ground motions to check attenuation equations. 

' 

Therefore for this study we concentrate on methods 2 and 3, which are the best available techniques. 
Using both methods and adopting the resulting ground motion equations in the seismic hazard 
estimates provides the most comprehensive and encompassing set of assumptions with which to 
calculate seismic hazard and assess its uncertainty. 

The scope of this study is to quantify ground motion by horizontal peak ground acceleration (PGA) 
and by pseudo-relative velocity (PSV) for the frequency range 25 Hz to 1 Hz, for 5% of critical 
damping, for rock conditions. These are the standard parameters that are used for evaluation of 
seismic resistance of civil and mechanical structures and components. We also include methods to 
estimate vertical motions from horizontals, and methods to estimate response spectra for dampings 
other than 5%. - 

EMPIRICAL ESTIMATES OF GROUND MOTION 

Since there were no empirical attenuation relationships available for the Rocky Flats region, the 
relationships of Sadigh et al. (1986), Joyner and Boore (1988), and Campbell (1993), which were 
developed for the western United States, were modified for use in this region. These relationships 
were selected from among those recently published in the literature by knowledgeable investigators 
and represent a diverse range of interpretations in data selection, parameter definitions, functional 
forms, and analysis techniques. 

The ground-motion parameters of interest in this study were the horizontal components of peak 
ground acceleration (PGA) and 5% damped pseudorelative velocity (PSV) at frequencies of 1.2.5, 
5, 10, and 25 Hz (periods of 1,0.4,0.2,0.1, and 0.04 sec). As applied to the Rocky Flats region, 
a l l  of the selected attenuation relationships were considered to be appropriate for predicting ground 
motions on rock from earthquakes of magnitude 5 and greater located as far as several hundred 
kilometers from the site. 

Two sets of empirical ground motion equations were developed. One set used fault distance to 
characterize source-to-site distance. A second set used epicentral distance as this measure of 
distance. The fault-distance models are appropriate for use with fault (extended) sources; the 
epicentral-distance models for use with areal (point) sources. Since none of the selected 
fault-distance relationships had associated epicentral-distance models, these latter relationships were 
developed by modifying the former to account for expected differences in scaling characteristics 
resulting from differences in the two distance measures. (\ 
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In order to apply the selected attenuation relationships to the Rocky Flats region, modifications to 
account for potential regional differences in ( 1 )  anelastic attenuation, (2) stress drop, and (3) 
regional magnitude measures were considered. There is no difference in magnitude definition, i.e., 
the magnitude measure used in the empirical equations is consistent with the magnitudes used to 
quantify seismicity in the study region. An early study by Boore and Atkinson (1987) hypothesized 
that stress drops were higher in eastern North America than in western North America. However, 
later studies (Somenille et al., 1987; Boore et al., 1992; Silva, personal communication, 1993) used 
inversion methods to solve for stress drops from recorded motions, or determined the stress drop 
that is consistent with empirical attenuation equations, and found that stress drops in the two regions 
are essentially the same. The most recent major study that examined stress drops in the two regions 
(EPRI, 1993) found essentially the same stress drops. As a result, no modification for stress drop 
was applied to the relationships. 

@ 

Anelas tic Attenuation 

Singh and Herrmann (1983) found significant regional differences in the anelastic attenuation of Lg 
coda waves throughout the United States. As a result, it was necessary to make modifications to the 
selected attenuation relationships to account for these differences. This was done by theoretically 
deriving anelastic attenuation terms for both California (the region representing the majority of 
strong-motion recordings used to develop each of the relationships) and the Rocky Flats region in 
a form consistent with that used to model anelastic attenuation in each of the relationships, then. 
applying these terms to each relationship in a self-consistent manner. 

0 The theoretically synthesized ground-motion data for each region were developed using the same 
stochastic simulation model used to develop the theoretical ground-motion models described later 
in this Appendix and the soil amplification factors described in Appendix F. Ground-motion data 
were synthesized for magnitudes ranging from 5 to 8 (in increments of 0.5) and distances ranging 
from 100 to 300 km (in increments of 50 km). Crustal attenuation in California was modeled by 
a frequency dependent quality factor (Q) of the form: 

( 

Q = 150 p6 (E-1) 

where f is the frequency of the wave in Hz and the constants represent a consensus based on the 
results of Singh and Herrmann (1983, Figures 13 and 14), Bakun and Joyner (1984, p. 1840), Nuttli 
(1986, Figure 5 ,  p. 2144), and Hutton and Boore (1987, Table 2, n=l  based on the methodology 
used by Bakun and Joyner, 1984, p. 1840). 

Singh and Herrmann (1983) found that crustal attenuation in the vicinity of the Front Range in 
Colorado was strongly dependent on azimuth, with travel paths from the west exhibiting higher 
attenuation than those from the east. Since only one set of attenuation relationships was to be used 
in the analyses, the lower attenuation associated with eastern Colorado was used to develop these 
relationships. Consistent with Singh and Henmann (1983, Figures 13 and 14), this attenuation was 
modeled by a frequency dependent quality factor of the form: 

Q=800P3  (E-2) 
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Both of these relationships are considered appropriate for use with attenuation relationships that 
assume geometrical attenuation to be proportional to r-', where n is 1. 

All three of the empirical attenuation relationships modified here were developed using a mix of 
data from soil and rock sites, which is standard practice. In order to replicate this mix of sites, the 
synthetic ground motion data were generated for both rock and soil sites, even though the ultimate 
use was to predict ground motions for rock conditions. This allows a comparison, Rocky Flats vs 
California, of ground motions under the same conditions for which the equations were derived. The 
resulting modification of the original equations is therefore consistent. For the synthetic soil ground 
motions, anelastic attenuation within alluvium was modeled using a kappa (IC) of 0.065 sec 
(Anderson and Hough, 1984, Table 1, p. 1984; Anderson, 1991, Table 2) for both Rocky Flats and 
California. A K value of 0.04 sec (see the description of K under "Analytical Estimates of Ground 
Motion" below) was used to represent anelastic attenuation in rock in both regions. 

The assumption that kappa is about the same for alluvium or rock for both Rocky Flats and 
California is based on the similarity of the shear-wave velocity profiles in the two regions. The 
average shear-wave velocity in the upper 100 ft (30 m) of alluvium and weathered claystone at 
Rocky Flats, which is considered to be 'soil' for purposes of developing the soil amplification factors 
in Appendix F, is 1,065 ft&c (325 dsec), based on the median shear-wave velocity profile for the 
site (Figure F-4). This velocity falls in the range of shear-wave velocities defined by Boore et al. 
(1993) as Site Class C, which Boore et al. (1994) have shown is consistent with a generic soil site 
in California. The shear-wave velocity below 100 ft at Rocky Flats is found to be on  the order of 
2,000 ft/sec (610 dsec). This velocity falls in the range of velocities defined by Boore et al. (1993) 
as Site Class B, which Boore et al. (1994) have shown is consistent with a generic rock site in 
California. 

The synthetic ground motions indicated that anelastic attenuation was strongly magnitude dependent 
in both regions, especially for the high-frequency components of ground motion of interest in this 
study. This finding is consistent with previous results reported by Campbell (1991a.b). Neither 
Sadigh et al. (1986) nor Joyner and Boore (1988) considered this term to be magnitude dependent. 
Therefore, in order to be consistent with the way in which anelastic attenuation was modeled by 
each of the selected attenuation relationships, the following set of expressions was used to develop 
theoretical anelastic terms for both California and the Rocky Flats region: 

ln(y) = a + bM + cM2 + f(r) (E-3) 

= -1.0 h(r) + a' (Jayner and 6) 
= -1.0 h(r) + (a1 a,M)r (campbell ) 

= d '  h(r) (Sadigh et al.) 

where y is the ground-motion parameter of interest (PGA or PSV), M is moment magnitude, r is 
source-to-site distance (km), a' is the magnitude-independent coefficient of anelastic attenuation, 
a = a1 + a2M is the magnitude-dependent coefficient of anelastic attenuation, and d' is the 
magnitude-independent coefficient of geometric attenuation, which in this case accounts for both 
anelastic and geometric attenuation. Each of the applications described below used this general 
form; details are given in the descriptions of Equations (E-4), (E-@, and (E-7). The quadratic 
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magnitude term in Equation (E-3) was necessary to remove the distance-independent magnitude 
scaling characteristics of the synthesized ground-motion data. The coefficients a, b, c, a', a*, az and 
d' were estimated by regression analysis using the method of least squares. The attenuation 
coefficients are summarized in Table E-1. An example of the difference in PGA that results from 
the difference in anelastic attenuation between California and eastern Colorado, using the 
attenuation relationship of Campbell (1993) for California and the modified version of this 
relationship for eastern Colorado (Equation E-7) is shown in Figure E- 1. This figure indicates that 
the difference in the predicted value of PGA in the two regions becomes important only for 
distances beyond about 30 or 40 km. 

Fault-Distance Models 

The attenuation relationship developed by Sadigh et al. (1986, published in Joyner and Boore, 1988, 
Equation 9 and Table 5),  as applied to the Rocky Flats region, is given by the expression, 

In(y) = a + 1.1M + ~q(8.5-M)~' + d In(r) + 0.2F + g(r,,r') + E (E-4) 

where for rock sites: 
, I  

r = r, + 1.353 exp(0.406M) M e 6.5 

r = r, + 0.579 exp(0.537M) 

g(r,,r')= 0.00580r0 

M 2 6.5 

r, < r' 

g(F,,r')= 0.0058Or' + 0.349[ln(r0)-ln(r')] .-  ro 2 r' 

and for soil sites: 

/ 

r = r, + 0.8217 exp(0.4814M) 

r = ro + 0.3157 exp(0.6286M) 

M e 6.5 

M 2 6.5 

g(r,,r')= 0.00560r0 r, < r' 

g(r,,r')= 0.0056Or' + O.225[1n(r0)-ln(r')]; r, 2 r' 

where y is the ground-motion parameter to be predicted (the average of the two horizontal 
components); M is moment magnitude; r, is the shortest distance from the recording site to the fault 
rupture surface (km); r' is a reference distance (km); F is the style of faulting (F = 0 for strike-slip 
faults and F = 1 for reverse faults; for normal faults and faults whose style of faulting is unknown, 
F is assigned the value 0.5); E is a random error term with a mean of zero and a stahdard deviation 
equal to uh the standard deviation of an individual prediction; g(r,,r') is a term used to correct for 
differences in regional attenuation; and a, c,, d, oh y, and r' are given in Tables E-2 and E-3. 

It is important to note that, while empirical soil attenuation equations are reported here, they are not 
used in calculating seismic hazard for the soil surface at Rocky Flats. Rather, a soil amplification 

y: e 
(\ 
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model is derived specific to the conditions at Rocky Flats (see Appendix F). The soil results 
reported here used to estimate the uncertainties in soil amplification factors reported in Appendix 
F; that is the reason these soil results are included here. 

Since there were no regression coefficients available for the 25 Hz component of PSV, this 
parameter was estimated by assuming that the 25 Hz value of PSA on soil, where PSA is 
pseudoabsolute acceleration (2xf.PSV/g), is approximately 1 % higher than the corresponding value 
of PGA on soil at r, = 0 (Campbell, 1993), and that the 25 Hz value of PSA on rock is 
approximately 16% higher than the corresponding value of FGA on rock at r, = 0, based on an 
extrapolation of the trend of Sadigh et al.'s results for the 3.3, 5 and 10 Hz components of PSV as 
suggested from the results of Campbell (1993, Equation 1, Table 1). The standard deviation of an 
individual prediction for the 25 Hz component of PSV was taken to be the average of those for the 
10 Hz component of PSV and PGA, consistent with the results of Ca3mpbell (1993). Since there 
were no regression coefficients available for the 2.5 Hz component of PSV, values for these 
coefficients were estimated by avemging the coefficients from the 2 and 3.3 Hz components of PSV. 

The geometric attenuation term given by the coefficient d in Equation (E-4) incorporates both 
geometric and anelastic attenuation. Its value was found to be strongly correlated with the 
near-source scaling characteristics of ln(y). Therefore, its value could not be modified to account 
for differences in anelastic attenuation without violating the near-source scaling characteristics of 
the model. In order to preserve these characteristics while at the same time maintain the original 
form of the relationship at large distances, regional differences in anelastic attenuation were taken 
into account by adding a distance-dependent attenuation correction term to the attenuation 
relationship [the function g(r,,,r') in Equation (E-4)]. The value of this function at r, < r' represents 
the difference in the theoretically derived anelastic attenuation coefficients between California and 
the Rocky Flats region (a' in Table E-l), thereby preserving the near-source scaling characteristics 
of the model. It should be noted that only anelastic attenuation coefficients for PGA were used for 
this purpose to be consistent with the way in which the attenuation relationships were developed (K. 
Sadigh, personal communication, 1992). 

The anelastic attenuation correction term for r, < r' could only be used to account for regional 
differences in anelastic attenuation at near-source distances; since at relatively large distances (r, 2 
r') this tenn tended to "overcompensate" for regional differences in anelastic attenuation due to the 

. use of a geometric attenuation term of the form d ln(r) to represent the far-field attenuation 
characteristics of the model. In order to avoid this overcompensation and at the same time assure 
that thelattenuation relationship had the same functional form at large distances as intended by the 
original model, the attenuation characteristics of the model were modified to asymptotically 
approach the form d In(r> beyond the reference distance r'. This reference distance was defined as 
the  distance beyond which the rate of attenuation of ln(y) decreases, representing the distance at 
which the regional correction term begins to overcompensate for regional differences in anelastic 
attenuation. 

Consistent with the intent of the attenuation correction term, the value of g(r,,r') at r, 2 r' represents 
the difference in the anelastic attenuation part of the theoretically derived PGA geometric 
attenuation coefficients for California q d  the Rocky Flats regions (d' in Table E-1). The coefficient 
of In(r) in this function was estimated from the expression, 

(E-5) 

' I  
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where d is the empirically derived geometric attenuation coefficient from Equation (E-4), d' is the 
theoretically derived geometric attenuation coefficient from Table E- 1, and the subscripts 'rf' and 
'ca' refer t6 Rocky Flats and California, respectively. The above expression assumes that the ratio 
of the anelastic attenuation part of the regional geometric attenuation terms is independent of the 
absolute value of the coefficients. The theoretical values themselves could not be used directly in 
Equation (E-4), since they were developed without consideration of near-source attenuation effects. 

- The attenuation relationship developed by Joyner and Boore (1988, Equation 5 and Table 2), as 
applied to the Rocky Flats region, is given by the expression, 

log(y) = a + b(M-6) + c ( M - ~ ) ~  - 1 .O log(r) + kr + s + E (E-@ 
r = [r: + h2]lR 

where y is the ground-motion parameter to be predicted (the average of the two horizontal 
components, or what the authors refer to as the randomly oriented horizontal component); M is 
moment magnitude; r, is the shortest distance from the recording site to the vertical projection of 
the earthquake fault rupture on the surface of the earth (km); k is the coefficient of anelastic 
attenuation (M'); s is the site correction for soil sites; E is a random error term with a mean of zero 
and a standard deviation equal to qogy, the standard deviation of an individual prediction; and a, b, 
c, k, s, h, and uhgy are given in Table E-4. 

Since there were no regression coefficients available for the 25 Hz component of PSV, this 
parameter was estimated by assuming that the 25 Hz value of PSA on soil is approximately 1% 
higher than the corresponding value of PGA on soil at r, = 0 (Campbell, 1993, Equation 1,  Table 
l ) ,  and that the 25 Hz value of PSA on rock is approximately 8% higher than the corresponding 
value of PGA on rock at r, = 0, based on an extrapolation of the trend of Joyner and Boore's results 
for the 5 and 10 Hz components of PSV as suggested from the results of Campbell (1993, Equation 
1, Table 1). The standard deviation of an individual prediction for the 25 Hz component of PSV 
was taken as the average of those for the 10 Hz component of PSV and PGA, consistent with the 
results of Campbell (1993). 

@ 
(\ 

The anelastic attenuation coefficients (k) for California estimated by Joyner and Boore (1988) 
correspond to PSV attenuation rates that are substantially greater than those for PGA at all 
frequencies of interest. This results in unrealistic spectral shapes at large distances. Joyner (written 
communication, 1990) was 'consulted regarding this problem and recommended that these 
relationships only be used for predicting ground motions at sites located within 100 km of the fault. 

Since we are interested in estimating ground motions from earthquakes located as far as several 
hundred kilometers from the Rocky Flats Plant, it is not appropriate to use Joyner and Boore's values 
for k as a reliable reference on which to base regional differences in anelastic attenuation. In 
comparing these values to the theoretically derived anelastic attenuation coefficients given in Table 
E-1, we found that Joyner and Boore's empirical estimates of PGA attenuate at a significantly lower 
rate and that their empirical estimates of PSV attenuate at a significantly higher rate than indicated 
by these theoretical estimates. Based on this comparison, we decided to use the 
magnitude-independent anelastic attenuation coefficients theoretically derived for the Rocky Flats 
region to define k. Since Joyner and Boore (1988) assumed that the rate of attenuation was 

, 

\ 
_' 
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independent of site type, k was taken as the mean of the values of a' for soil and r6ck after 
converting them from natural to common logarithms (i.e., k = a'/ln 10). 

The attenuation relationship developed by Campbell (1993, Equation 1 and Table l), as applied in 
to the Rocky Flats region, is given by the expression, 

ln(y) = 13, + 0.683M + 13, tanh[0.647(M - 4.7)] 
- 1.0 ln(r) + ar, + [B, - 0.105 ln(r,)]S 

+ 0.27F + 13, tanh[0.620D] + E 
(E-7) 

r = (r: + r0.0586 exp(0.683M)I 2 ) 1R 

a = 13, +.13,M 

where y is the ground-motion parameter to be predicted (average of the two horizontal components); 
M is local Richter magnitude (MJ for M < 6.0 and surface-wave magnitude (MJ for M 2 6.0, which 
is consistent with the definition of moment magnitude (M,,,); r, is the shortest distance from the 
recording site to the seismogenic rupture zone on the fault (km); S is site type (S = 0 for soil sites 
and S = 1 for rock sites); F is style of faulting (F = 0 for strike-slip faults and F = 1 for reverse, 
reverse-oblique, thrust, and thrust-oblique faults); a is the coefficient of anelastic attenuation (km-I);  

D is the depth to basement rock beneath the site (km); E is a random error term with a mean of zero 
and a standard deviation equal to ohy the standard deviation of an individual estimate; tanh() is the 
hyperbolic tangent function; and Bo, B,, ..., B, and uhY are given in Table E-5. I 

As suggested by Campbell (1993, p. 3), if no other information was available, the average minimum 
depth to the top of the seismogenic rupture zone of a given earthquake was conservatively assumed 
to be dependent on magnitude based on the following relationship: 

5.0 7.3 
5.5 5.8 
6.0 3.5 
6.5+ 3.0 

Bryant et al. (1981) estimated the depth to Precambrian basement beneath the Rocky Flats Plant to 
be approximately 13,000 ft. Thus, D was taken as 4 km. For normal faults and faults whose style 
of faulting was unknown, F was assigned the value 0.5. 

The Campbell (1993) attenuation relationship was developed using anelastic attenuation coefficients 
derived for soil sites based on the same methods that were used in the present study. Therefore, the 
magnitude-dependent anelastic attenuation coefficients derived for soil for the Rocky Flats region 
(Table E-1) could be used without modification in the application of this relationship. 

E- 8 
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Epicentral-Distance Models 

Since none of the selected attenuation relationships had corresponding epicentral-distance 
relationships, these latter relationships were developed from the selected fault-distance models based 
on the following assumptions: (1)  the far-field magnitude and distance scaling characteristics of 
PGA and PSV are the same for both the fault-distance and epicentral-distance models, and (2) the 
attenuation of PGA and PSV is independent of magnitude (i.e., no near-source saturation effects), 
except where imposed by the coefficient of anelastic attenuation. The fmt assumption is justified 
on the basis that differences in distance measures, and thus differences in strong-motion scaling 
characteristics, become negligible at large distances. The second assumption is justified based on 
the form of attenuation relationships derived both theoretically (e.g., Boore and Atkinson, 1987, 
Equation 13a; Toro and McGuire, 1987, Equation 1 and Table 6; Boore and Joyner, 1991, Equation 
10) and empirically (e.g., Atkinson, 1990, Equation 1; Dahle et al., 1990, Equation 4; see also 
Campbell, 1985). 

The fnst assumption requires that the far-field amplitudes of PGA and PSV be the same as those 
given by the fault-distance models. However, the second assumption requires only that the far-field 
and near-source magnitude scaling characteristics of the two models be the same, and does not 
provide a basis for constraining the near-source amplitudes of PGA and PSV. In order to set the 
near-source level of the epicentral-distance models, we applied a near-field constraint based on the 
results of Campbell (1981, Equations 7 and 8), who developed both a fault-distance and an 
epicentral-distance attenuation relationship from the same set of strong-motion recordings. These , 

relationships indicated that both models should give the same estimate of PGA at zero distance for 
a magnitude 6.8 earthquake. 

Since Sadigh et al. (1986) used the same definition of fault distance as Campbell (1981), the above 
constraint could be applied directly to their fault-distance model. The other models: however, 
required some adjustment to account for the differences between their fault-distance measures and 
the distance measure used by Campbell (1981). Campbell (1993) used the shortest distance to the 
zone of seismogenic rupture as his definition of fault distance. He conservatively estimated this 
zone to be at least 3 km deep for a M6.8 earthquake. Based on this estimate, the Campbell (1993) 
epicentral-distance relationship was constrained to give the same estimate of PGA at an epicentral 
distance of 0 km as that predicted by the fault-distance relationship at a seismogenic distance of 3 
km. 

Joyner and Boore (1988) defined their fault-distance measure as the shortest distance to the surface 
projection of the earthquake fault rupture. That definition, together with the constraint that 
magnitude scaling be independent of distance, similar to that assumed for the epicentral-distance 
models, made it difficult to appfy the same near-source constraint to their model as was applied to ' 
the other two relationships. Instead, we simply constrained the Joyner and Boore epicentral-distance 
model to give an estimate of PGA at M6.8 and zero distance that was halfway between those ofxhe 
other two relationships. 

Consistent with the above constraints, the following modifications were made to the selected 
fault-distance models to make them compatible with the use of epicentral distance: (1) Equation 
(E-4): r = r,, + 22.3, r' = 61.2 km (soil), r' = 66.5 km (rock); (2) Equation (E-6): h = 5.4 (PGA), 3.2 
(PSV, 1 Hz), 3.8 (PSV, 2.5 Hz), 6.4 (PSV, 5 Hz), 7.6 (PSV, 10 Hz), and 5.4 (PSV, 25 Hz); and (3) 
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Equation (E-7): r = (rz + 6.82)'R, ln(r,) = ln(ro+l). In all of these relationships, r, was redefined as 
epicentral distance (km). 

Campbell (1981) found that the standard error of estimate of ln(y) was larger for point-source 
models than for fault-distance models. Using the same data base, he found that the variance 
associated with ln(y) increased by 0.13 when epicentral distance rather than fault distance was used 
as the measure of distance. Based on this result, the standard deviation of an individual prediction 
of ln(y) and log(y) was estimated from the expressions, 

where the subscripts 'e' and 'f refer to epicentral distance and fault distance, respectively. 

The three attenuation equations are plotted in Figures E-2 through E-5 for comparison purposes. 
Figures E-2 and E-5 show predicted values of FGA vs. distance for m=5 and 6.5, respectively; 
Figures E-4 and E-5 show similar comparisons for 1 Hz PSV. The fault distance equations are 
shown in these plots; the epicentral distance equations are similar. 

The attenuation relationships for rock site conditions were developed from recordings obtained on 
sites located on both soft rock (primarily sedimentary deposits) and hard rock (primarily crystalline 
rock). Therefore, they are considered appropriate for predicting ground motions on reasonably hard 
sedimentary rock. This would include the Upper Cretaceous deposits underlying the Rocky Flats 
site. \ 

As indicated by the anelastic attenuation coefficients given in Tables E-4 and E-5, the 
high-frequency estimates of PSV attenuate more rapidly than PGA. As a result, it is possible for 
@cted values of PSV to be smaller than corresponding estimates of PGA at very large distances. 
Since by definition the high-frequency acceleration response of a singledegree-of- freedom 
oscillator cannot be less than PGA, estimates of PSA for frequencies of 5 Hz and higher were 
constrained to be greater than or equal to PGA in the application of Equations (E-6) through (E-7). 

ANALYTICAL ESTIMATES OF GROUND MOTION 

Introduction 

The development of analytical estimates of ground motions for Rocky Flats using a stochastic model 
of ground motions is based in large part on the models, parameters, and insights obtained as part of 
an extensive study on earthquake ground-motion prediction for the central and eastern United States 
(EPRI, 1993). This study was sponsored by the United States Department of Energy and several 
electric utilities; we will refer to it as the EPRI-DOE study. 

- 

Modifications to the results from the EPRI-DOE study are required in order to incorporate site- 
specific information on crustal structure, anelastic attenuation, and near-site attenuation ( K). 

(.% 
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Attenuation functions based on a stochastic model of ground motion are obtained in four steps, as 0 follows: 
. .  

1. Develop a characterization of the randomness and uncertainty in each *of the main parameters 
of the stochastic model using both regional and site-specific information. For convenience, 
this characterization is in  the form of a discrete distribution (i.e., multiple parameter values 
with associated weights). The combination of all possible values of the various model 
parameters is represented by a "logic tree." 

2. Calculate the ground-motion amplitudes predicted by the stochastic model for each 
combination of model parameters. 

3. Use least-squares regression to f i t  a simple functional form in terms of magnitude and 
distance to the log-ground-motion amplitudes obtained in Step 2 (considering their 
associated weights). This is done separately for each ground-motion measure (e.g., peak 
acceleration, 1-Hz spectral velocity, etc.). 

4. Examine the regression residuals to determine the contribution of each parameter to the total 
variability. Use these results, together with the characterization of parameter randomness 
and uncertainty, to quantify the total randomness and uncertainty in ground motion 
amplitude and their possible dependence on magnitude and distance. Develop a functional 
form to represent the dependence of randomness on magnitude and distance. Construct a 
suite of alternative attenuation equations and associated weights in order to represent 
uncertainty . 

Model Description 

The stochastic model of earthquake ground motions uses Brune's (1970, 1971) representation of 
shear-wave energy generated at the seismic source, together with simple, yet physically sound, 
assumptions about geometric spreading and anelastic attenuation, to represent the Fourier amplitude 
of ground motion due to shear waves. This model is sometimes referred to as the Band-Limited 
White Noise (or BLWN) model or as the random-vibration (or RV) model. Using this spectrum and 
the associated duration, one calculates the root-mean-square (RMS) and peak amplitudes of ground 
response by assuming that the ground motion during the strong-shaking portion of an earthquake 
is a finite-duration segment of a gaussian random process. This model is attractive because it is 
based on seismological principles (yet it has few parameters, due to its highly simplified 
assumptions, because it follows a rigorous mathematical procedure to calculate time-domain 
amplitudes from Fourier amplitude and duration, and because it can predict virtually every measure 
of ground motion (e.g., acceleration, velocity, response spectra, seismograph response). 

The stochastic model has been used extensively to predict ground motions in California (e.g., Hanks 
and McGuire, 1981; Boore, 1983; McGuire et al, 1984), in eastern North American (ENA; e.g., 
Boore and Atkinson, 1987; Tor0 and McGuire, 1987; McGuire et al., 1988; Boore and Joyner, 1991; 
EPRI, 1993), and in other regions (Wong et al., 1990; Bungum et al., 1992). 

0 The stochastic model is particularly attractive for low-seismicity regions like the central and eastern 
(> United States, where there are few or no strong-motion recordings from magnitude and distances 
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of engineering interest. Because significant extrapolation of the data is required, one is more 
confident in performing this extrapolation using a model with a strong theoretical justification. In 
addition, seismological studies and analogies with other regions provide additional data that can be 
used in the development of parameters for the stochastic model. 

The stochastic model represents the Fourier spectrum of ground acceleration, in an arbitrary 
horizontal direction, in the form: 

a(f)=C f 2Mo nfR 
1 +( f / fa' PoQ 0 

where 

M , =  

P o  = 
Q(f) = 
A(f) = 
fc 

G(R) = 

- - 
- K - 

c =  

seismic moment, 
a function representing geometric-attenuation effects; the form of G(R) is discussed 
below, 
shear-wave velocity at the source, 
Q f ', frequency-dependent quality factor representing anelastic attenuation effects, 
near-surface frequency-dependent amplification factor, 
source comer frequency, 
parameter of the high-frequency truncation filter (Anderson and Hough, 1984; the K term 
used here corresponds to Anderson and Hough's K(O)), and 
a constant that contains source-region density po and shear-wave velocity terms and 
accounts for the free-surface effect (factor of 2), the source radiation pattern averaged 
over a sphere (0.55) (Boore, 1986), and the partition of energy into two horizontal 
components (I/&). 

Source scaling (Le., the variation of spectral amplitude and shape with earthquake size) is controlled 
by the seismic moment M, and the comer frequency f,. The seismic moment is a measure of 
earthquake size; it is related to moment magnitude M (the measure of earthquake size used in this 
study) by the relation (Hanks and Kanamori, 1979): 

log MO=l.5M+16. 1 

The comer frequency is related to the seismic moment by means of the stress drop A u  by the 
relationship (Brune, 1970,1971): 

(E-12) 

Calculation of peak time-domain values requires the specification of the dumtion of strong ground 
motion, which is discussed below under "Geometric Attenuation, Duration and A(f)". These 
calculations are performed using random-vibration theory (see Boore, 1983; Boore and Joyner, 
1984). (. 
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Geometric Attenuation, Duration, and A(Q. Two models are available for the calculation of the 
geometric-attenuation term G(R). Based on modeling and observation, Hemnann (1985) proposed 
the form: 

Rd00 km i'" 1 R>100 km 0.01 - 
G(R)= 

fi 
(E-13) 

and the associated duration T=l/f,+O.OSR. This form has been used by many investigators (e.g., 
Boore and Atkinson, 1987; Tor0 and McGuire, 1987; McGuire et al., 1988) and found to proyide 
an adequate representation of observed ground motions. 

More recently, Ou and Herrmann (1992; see EPRI, 1993, for revisions to this formulation) 
developed a procedure to calculate G(R) and T including the effect of a layered crustal structure. 
This formulation requires specification of the regional shear-wave velocity structure of the crust. 

The amplification factor A(f) also depends on the crustal structure. In particular, A(f) depends on 
the shear-wave velocities and densities in the upper portion of the crust. 

The selection of crustal velocity structure and geometric-attenuation formulation for this study is 
discussed in below under "Crustal Velocity Structure". 

In summary, the key parameters for the stochastic model are magnitude and distance (independent 
variables), and stress-drop, crustal velocity structure, Q, K and focal depth (parameters with 
variability. The variabilities of the latter parameters are described below. 

Treatment of Physical Uncertainties 

The variability of the model parameter values is separated into randomness and uncertainty. 
Randomness represents variability that is inherent to the parameter, uncertainty represents variability 
that is due to our lack of knowledge of the parameter. Therefore, randomness can be refined but not 
reduced, whereas uncertainty may be reduced in the future with additional information. 

Stress-Drop. Following the EPRI-DOE study, the stress drop A u  is taken as lognormal with a 
median value of 120 bars and a total variability (randomness plus uncertainty) of 0.7 (natural-log 
units) The breakdown of this variability into randomness and uncertainty is magnitudedependent, 
as follows: 

= 0.684 M <6 

= J(0.684)' - 0.436(M-6) 6 e M ~ 6 . 5  (E-14) 

= 0.50 
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= 0.15 M e6 

= 4(0.15)2- + 0.455 (M-6)  6 c M c 6 . 5  (E- 15) 

= 0.50 M 2 6.5 

This treatment is consistent with EPRI (1993). The total variability in In( A a) is represented by five 
values with associated weights. 

Crustal Velocity Structure. Because little information exists on direct measurements of shear- 
wave velocities for the regional crustal structure within 200 km of the Rocky Flats site, a derived 
model was developed based on measurements of compressional-wave velocities. For the crust 
beneath the sedimentary section, Precambrian basement, and below, the compressional-wave 
velocity and density models were based on deep refraction surveys described in Prodehl and Lipman 
(1989) and are appropriate for the central Plains. For the sedimentary section, the sonic velocity log 
for the Wildcat #I borehole at the Rocky Mountain Arsenal was used. The sonic log was divided 
into three layers extending to a depth of about 4 km. The depth of the sedimentary column is based 
on reflection line RFD-1 of EBASCO (1991). Shear-wave velocities were then computed by 
assuming a Poisson solid. Table E-6 summarizes shear-wave velocities and densities as a function 
of depth. Based upon the compressional wave velocity data that are available in the region, as 
described above, and given that there are no site-specific shear- or compressional-wave 
measurements available, this is a reasonable and adequate interpretation of data to estimate shear 
wave velocities and densities. 

Figure E-6 shows the variation of peak acceleration with distance for magnitude 6.5 and 10 km 
depth. These results were obtained using the revised Ou-Herrmann (1992) geometric-attenuation 
model and the crustal-structure model constructed above (labeled ROCK1; other models shown 
correspond to relevant regional models documented in Section 5 of EPRI, 1993). The changes in 
slope at 100 lan for some of the models reflect crustal reflection phases that are stronger than direct 
arrivals for those crustal models. Figure E-7 shows results obtained using the Henmann (1985; see 
Equation E-13) geometric-attenuation model compared to the ROCKl results replotted from Figure 
E-5. The results obtained using the Henmann (1985) formulation are higher than the results 
obtained from the ROCK1 crustal structure (except for distances less than 9 km, where the ROCK1 
structure predicts slightly higher accelerations). 

In view of these results, and because of the lack of direct shear-wave velocity measurements, the 
Herrmann (1985) formulation was selected because it leads to more robust ground-motion 
predictions. The lower predictions (relative to the ROCKl curvd) at distances less than 9 km are 
more than offset in the hazard calculations by higher predictions at distances greater than 9 km. 
This is evident because hazard calculations for sites within large areal sources indicate a mean 
distance of 20 to 30 kin for earthquakes causing exceedences of ground motions with 100  to 10,OOO 
year return periods. There are ten times as many earthquakes in the distance range 9-30 km, as in 
the range 0-9 km, for spatially-uniform seismicity, and higher estimates of ground motion for the 

EGGRF/REFQRT/APPENDDCE4 E-14 



9217-COO-204, Rev. 0 

Herrmann model in the 9-30 km range, combined with the higher probability of occurrence, more 
than offset the slightly lower estimates of ground motion in the 0-9 km range. 

The frequency-dependen t amplification factor A(9 was computed from the crustal model derived 
above. 

Parameter K. K represents attenuation in the shallow crust directly beneath the site. Values of K in 
the 0.02-0.06 sec range are typical of sites in western North America (Boore, 1986; Silva and 
Darragh, 1993). The upper crust of the ROCK1 profile described above, consisting of sedimentary 
rocks to a depth of 13,OOO feet, is similar to the upper crust in the crustal model used in the EPRI- 
DOE study (EPRT, 1993, Section 3.2.2.1) to model recordings from the 1989 h m a  Prieta 
earthquake. Based on this similarity, a median K value of 0.04 sec (in the center of the range for 
western North America) is adopted for Rocky Flats. The appropriateness of the kappa value of 0.04 
sec is substantiated by the dependence of kappa on the average shear-wave velocity (over about 100 
ft) shown in Figure E-8. The figure shows kappa values determined from strong motion data 
recorded at rock sites which have measured velocities to depths of about 100 ft. The average 
velocity over 100 ft of the Rocky Flats profile considered as fm rock (100-200) ft, Figure E-8) is 
about 2,300 ft/sec which corresponds to a kappa value of 0.035 sec. In view of the uncertainties 
involved, an average value of 0.04 sec is reasonable and consistent with the data in Figure E-8. 
Variability in K is introduced by considering three equally weighted values of 0.02,0.04, and 0.08 
sec. This range of variability (in In K) is larger than the range considered in the EPRI-DOE study, 
because there is more uncertainty here (no direct observations of K are available for Rocky Flats or 
the vicinity). To illustrate the effects of kappa on response spectra Figure E-9 shows 5% damped 
pseudo relative velocity computed using the point-source model with kappa values of 0.02,0.04, 
and 0.08 sec, The effects of doubling kappa are large for frequencies exceeding about 2 Hz (Silva, 
1993). 

Because K is primarily a site characteristic, 75% of its variability is considered uncertainty (which 
could in principle be resolved by site-specific measurements). The remaining 25% is considered 
randomness. 

Q Models. The lower crust model described above is similar to that of the Midcontinent crust 
considered in the EPRI-DOE study. As a result, the three Q models used in the EPRI-DOE study 
(EPRI, 1993) for,the Midcontinent (Le., Q(9=4w4, 670f"33, and 1000f')-3) are used for Rocky 
Flats. These Q models have the advantage of precedent, and there is no reason why they would not 
be applicable to the Rocky Flats region. Figure E- 10 compares the three Q models with regional 
Q studies of Singh and Hemnann (1983) and Gupta et al. (1989), illustrating that the regional 
studies favor the second and third of the above models. Therefore, the three Q models given above 
are assigned weights of 0.2,0.4, and 0.4, respectively. 

. 

The variability in Q represented by the above Q models and weights is considered to be equally 
divided between uncertainty and randomness. 

Modeling. The modeling variability is determined from the misfit of modeled ground motion data 
with recorded data The representation of modeling uncertainty and randomness obtained in Section 
3 of the EPRI-DOE study (EPRI, 1993) is adopted for this study. They are of the form: 

r 

I 
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Modeling Uncertainty: 
oU& = 0.27 

where u is in natural log units. 
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(E-17) 

Thus, randomness in the predicted ground motions comes from parametric randomness in stress 
drop, kappa, and Q, and from modeling randomness. Uncertainty in the predicted ground motions 
comes from parametric uncertainty in stress drop, kappa, and Q, and from modeling uncertainty. 

Functional Form of Predictive Equations. Practical considerations dictate that the ground-motion 
predictions for engineering applications must be in the form of relatively simple equations in terms 
of magnitude and distance. The functional form and number of terms in these equations must, 
however, be sufficient to match the main features of the ground motions predicted by the physical 
models described earlier, over the entire range of magnitudes, distances, and frequencies of 
engineering interest. 

The functional form adopted here is the following: 

(E-18) 
-' C, In R - (C,-C,) XIUX [ In ( - OJ-C,R-u+% 

where y is pseudo spectral velocity (PSV; for 5% damping) or peak ground acceleration (in units 
of d s e c  or g, respectively), C, through C, are constants to be determined from the modeling results 
(see next section), M is moment magnitude, and R is hypocentral distance (km). This equation is 
slightly m d i e d  below so that it can use the closest distance to the fault rupture, for use with fault 
sources in the seismic-hazard calculations. 

I 

The quadratic magnitude term is needed in order to provide a better fit to the model predictions for 
low-frequency ground motions. The magnitude terms are of the form (M-6)" for the sake of 
numeric@ stability in the values of C, and C,. The term in C, is not always present (it is not 
required for frequencies of 5 Hz or higher). The terms in C, and C, represent geometrical spreading 
with slopes C, (R < 100 km) and C, (R > 100 km). The model with two slopes provides a slightly 
better fit than a linear model to the crustal effects predicted by the ground-motion model in Equation 
E-13. Coefficient C, was fixed to its theoretical value of 0.83 (Nuttli, 1973). 

Variability about these equations is represented by the quantities E, (randomness) and E, 
(uncertainty), which are assumed to follow normal distributions. The least-squares regression used 

1 .  

a 
E-16 EGGRF/REPORT/APPENDD(.EI 



9217-COO-204, Rev. 0 

to f i t  the median model works with the total variability and does not distinguish between E, and E". 
Randomness and uncertainty are determined after an analysis of the residuals. 

Development of Median Attenuation Equations. The stochastic ground-motion model of 
Equation E-10 was used to calculate peak ground-motion amplitudes for all ground-motion 
measures considered in this study, for magnitudes and distances covering the range of engineering 
interest, and for all possible combinations of @e model parameters described earlier. The weight 
assigned to each set of results is the product of the weights for the corresponding values of A u, K, 
and Q. Values of coefficients C, through C, are obtained as a weighted least-squares fit to the 
calculated ground motions. This operation is performed separately for each ground-motion measure. 
The resulting coefficients are shown in Table E-7. 

Treatment of Variability. Variability is separated into randomness and uncertainty. As described 
earlier, it is sometimes useful to separate it into parametric and modeling variabilities. The 
combined effect of all parametric variabilities is obtained by examining the residuals from the least- 
squares fit to model predictions. The modeling variability, which is obtained from comparisons of 
predictions to data, is added as a separate term. 

To calculate the randomness and uncertainty in ground-motion amplitudes, the total parametric 
variability is decomposed into contributions from Au, K, and Q. This is done by analyzing the 
regression residuals. These contributions are, in general, magnitude- and distance-dependent. Next, 
these contributions are divided into randomness and uncertainty by considering the partition of each 
parameter's variability between randomness and uncertainty. Finally, all contributions to rl) randomness (including modeling randomness) are combined to obtain the total randomness. 

L. Similarly, all contributions to uncertainty are combined to obtain the total uncertainty. 

Figures, E- 1 1 through E-22 illustrate the various contributions to randomness and uncertainty for 
the five spectral frequencies and for peak acceleration, for magnitude 6.5. There is only a moderate 
dependence on distance, except for 10 and 25 Hz where the contribution of K decreases with 
increasing distance. Figures E-23 and E-24 illustrate the variation of the total randomness and total 
uncertainty with magnitude. 

We develop a simplified characterization for the total randomness as follows. Distance dependence 
of the randomness is ignored and the values at 10 lan are applied to all distances (this is slightly 
conservative). Magnitude dependence is characterized by using one value of u, for Mc6, another 
value for M . 5 ,  and a linear transition between magnitudes 6 and 6.5. These values are shown in 
Table E-8. 

i 

The total uncertainty is characterized by one value of uu, which is calculated as the average of the 
values for magnitudes 6.0 and 6.5, for a distance of 10 km. These values are shown in Table E-9. 

To characterize uncertainty in a manner that is compatible with most seismic-hazard analysis 
software (e.g., EPRI, 1986), the total uncertainty about the median attenuation function is 
represented by multiple attenuation functions (with associated weights). We construct these 
attenuation functions by characterizing the uncertainty as a discrete distribution, as described in a Section 9.3.2.1 of the EPRI-DOE study (EPRI, 1993). Because we treat the total uncertainty as 

( %  independent of magnitude and distance, this discrete distribution translates into multiple alternative 
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values of coefficient C, in Equation E-18. These values are shown as C1,, through C,,4 i n  Table E-7, 
with their associated weights. 

The weights for each coefficient were calculated assuming that uncertainty is normally-distributed 
with respect to In (ground motion), with a standard deviation as listed in Table E-9. This is a 
standard assumption for ground motion variability. The normal distribution was then represented 
with four discrete values and associated weights, the values and weights being chosen so that the 
first four moments of the normal distribution were maintained. These values, in terms of standard 
deviates of the normal distribution, are L- 0.74 and 2 2.33 with weights of 0.454 and 0.046, 
respectively. The corresponding coefficient values are shown in Table E-7. 

Modification for Fault Rupture Distance. The results described up to this point assume that all 
seismic energy emanates from a point source. For magnitude 6, effects associated with the size of 
the fault rupture (as well as scaling effects of the type considered by Joyner, 1984), become 
moderately important. In these situations, distance is best characterized by the shortest distance to 
the fault rupture. 

' 

To obtain attenuation functions in terms of fault-rupture distance, we utilize a result obtained using 
an extended-rupture version of the stochastic model (Toro and McGuire, 1991). The effect of 
extended sources is introduced in point-source attenuation equations by replacing the terms in ln(R) 
in Equation E-18 with ln@,+O.006exp(m,,)], where m,, is the magnitude scale used in the central 
and eastern United States and R, is distance to the fault rupture. Converting m,, in the above 
expression to moment magnitude in the range of moment magnitudes between 6 and 6.5 (applying 
Figure 4.1 of EPRI, 1993; EPRI version of report only), one obtains In[R,+0.089exp(0.6M)]. 

Summary of Analytical Model 

The analytically-derived attenuation equations for peak acceleration and spectral velocities at 1, 2.5, 
5, 10, and 25 Hz, are in the form of Equation E-18, with coefficients given in Table E-7. Each 
value of coefficient C, carries an associated weight, as shown also in Table E-7. 

For use with faults, the two terms in In@) in Equation E-18 are replaced with the quantity 

( 

h pf+ 0.089 t ""1 (E-19) 

where R, is the shortest d i shce  to the fault rupture. 

Randomness is characterized as magnitude-dependent, as shown in Table E-8. There is one value 
for Mc6, another value for M>6.5, and a linear transition between these values for magnitudes 
between 6 and 6.5. 

Figures E-25 through E-28 show predictions of ground motion for the analytically-derived 
attenuation equations, for peak acceleration and 1 Hz sp'ectral velocity, for magnitudes 5 and 6.5. 
The change in slope at 100 km is related to the C, and C5 coefficients in Equation (E-18). 

I .  
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ESTIMATES OF SPECTRA 

The seven ground motion attenuation equations described above were used to calculate spectra 
shapes for magnitude El and distance R that were found to be the average magnitude and distance 
of earthquakes causing ground motions with annual exceedence probabilities in  the range to 
lo4. From evaluations of seismic hazard conducted for Rocky Flats, this ground motion is on the 
order of 10-20 c d s e c  for 10 Hz spectral velocity (5% damping), and the associated values are El - 5.9 and R - 27 km, corresponding to an earthquake on the Derby Fault. Note that R included 
the depth of the event. 

Figures E-29 through E-32 show the computed spectra for dampings of 2%, 596,796, and lo%, 
corresponding to the seven equations described above for frequencies of 25 to 1 Hz. The spectra 
for 5% damping (E, = 0.05) were computed from the equations directly; equations for other values 
of E, were computed as follows. 

For frequencies 1 s f < 5 Hz, the procedure of Rosenblueth (1980) was followed. This scales the 
spectral velocity PSV at any frequency f and damping E, by spectral velocity at E, = 0.05 by: 

1 4.9 [ f T .'' 
1 + 4.9 x 0.05 f T P '7, 0.05) (E-20) 

where T is strong motion duration. For frequencies of 5 Hz and above, a procedure was developed 
using the concept of Vanmarcke (1976) that the response is controlled by a static portion (governed 
by PGA) and a dynamic portion (governed by equation E-20). This procedure provides a transition 
to the peak ground acceleration (PGA)-controlled portion of the spectrum in a realistic way as 
follows: 

(E-2 1) 

where the second term on the right-hand-side (involving a subtraction) should not be less than 0. 

These two equations,allow estimation of dampings of 2%, 7%, and 10% from the predictive 
equations, which were developed for 5% damping. For the assumed magnitude of 5.9 and distance 
of 27 km, a strong motion duration of 4.5 sec was assumed based on experience and random 
vibration theory. This is 7% greater than the duration of 4.2 sec estimated from random vibration 
theory but is considered more realistic because it includes surface waves and refractedreflected 
phases. The amplification factors are not highly sensitive to duration, as illustrated in Table E-10, 
which summarizes ratios of spectral velocities calculated using Equations E-20 and E-21 (assuming 
a dynamic amplification factor of 2 for illustration purposes for Equation E-21). This illustrates that 
the difference in absolute predicted amplitudes for dampings other than 0.05 is small, less than one 
percent, whichjs acceptable given the overall level of uncertainty in hazard. 
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VERTICAL GROUND MOTIONS 

The estimation of vertical ground motions is made by factoring the horizontal motions. The 
procedure of using a fixed factor for all frequencies, magnitudes, and distances is modified here to 
account for the possibility that vertical motions may be comparable to, or higher than, hoiizontal 
motions for short source- to-site distances and large magnitude events (Abrahamson and Litehiser, 
1989; EPRI, 1993). 

We adopt here the recommendations of EPRI (1993) for vertical-to-horizontal (V/H) ratios. These 
were developed for eastern North America sites, but are appropriate for the RFP which is underlain 
by shallow alluvium over thick layers of sedimentary rocks. Specifically, for rock motions 
controlled by earthquakes on the Derby fault (which includes hazards of 2 x lo4 per year or greater), 
vertical motions should be assumed to be 0.7 times the horizontal motions, for all frequencies. This 
follows EPRI (1993, Figure 6-56) for distances beyond 20 km, which is the case for mean distances 
far earthquakes on the Derby fault (see Table 3-5). For soil motions the same ratio of 0.7 may be 
used (see EPRI, 1993, Figure 6-58) except that the ratio increases from 0.7 at 20 Hz to 1.2 at 30 Hz 
and above. 

For rock motions controlled by earthquakes on the Golden-Boulder fault, which are those with 
annual probability less than 2 x lo4, the associated magnitudes and distances are 6.1 to 6.6 and 7 
to 15 km, respectively (see Table 3-5). For rock motions generated by these close events, the V/H 
ratio should be assumed to be 1.0 up to 20 Hz, increasing to 1.2 at 30 Hz and higher (see EPRI, 
1993, Figure 6-56). For soil motion during these earthquakes, the V/H ratio should be 0.7 up to 10 
Hz, increasing to 1.5 at 20 Hz and higher. This follows‘ the EPRI (1993, Figure 6-58) 
recommendations for soil motions at high amplitudes (OSg rock PGA and higher). 

These recommendations are consistent with the empirical results of Abrahamson and Litehiser 
(1989), who found V/H ratios for PGA that increase for larger magnitudes and shorter distances. 
In particular the empirical results show V/H ratio that approach or exceed 1.0 for large magnitudes 
and short distances, and the above recommendations for vertical motions recognize this tendency 
for the ground motions expected at low probability levels for Rocky Flats. 

CONCLUSIONS 

This study derives seven equations for estimating ground shaking in the region of the Rocky Flats 
plant. Three of these are based on modifying empirical equations developed by other authors for 
California, using modifications that represent the attenuation inherent in the Rocky Mountain region. 
The other four are based on a theoretical model of ground shaking that has proven useful and 
accurate in California to estimate ground shaking, and that has been used in all parts of the U.S. to 
estimate ground shaking for critical facilities. This covers the range of methods by which ground 
motion might be estimated, and the range of applications by a variety of authors. 

The empirically-based models are given by the following three equations (repeated from earlier in 
the text): 

h(y) = a + 1.1M + ~~(8.5-M)” + d ln(r) + 0.X + g(r& + E (E-4) 
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where r is the closest distance from the site to the fault rupture surface, and the other coefficients 
are defined following Equation (E-4) and in Tables E-2 and E-3 of the text. 

log(y) = a + b(M-6) + c ( M - ~ ) ~  - 1.0 log(r) + kr + s + E (E-@ 
r = [ro2 + h2]" 

where ro is the closest distance from the site to the vemcal projection of the rupture on the earth's 
surface, and the other coefficients are defined following Equation (E-6) and in Table E-4 of the text. 

ln(y) = 13, + 0.683M -I- B, tanh[0.647(M - 4.7)] 
- 1.0 ln(r) + ar, + [B2 - 0.105 ln(r,)]S 

+ 0.27F + B3 tanh[0.620D] + E 

(E-7) 

where r, is the closest distance from the site to the seismogenic rupture zone and the other 
coefficients are defined following Equation (E-7) and in Table E-5 of the text. 

The analytical method for estimating ground motions is given by the following equation: ' 

In y = C, + CJM-6) + C3(M-6)2 
- C, In R -'(C&) max[ln(R/100), 01 - C,R + E" + 

where R is hypocentral distance and the coefficients are given in Table E-7. Four values of C, are 
shown in Table E-7, representing four equations (with weights) expressing uncertainty in ground 
motion estimates. When the earthquake is characterized by a fault rupture, the In R term in Equation 
E-18 is replaced by ln[R, + 0.089 exp (0.6M)I where M is moment magnitude of the earthquake. 
It should be evident that uncertainty in the average depth of earthquake energy release will result in 
uncertainty in ground motion through the hypocentral distance R or through the depth term h. 

As discussed in the Introduction, these two ground motion models represent a range of possible 
models that might be used. Arguments can be made for either model being more closely 
representative of ground motions. Ip fact the two methods yield very similar estimates of seismic 
hazard, so the combined seismic hazard estimate is not sensitive to the weights assigned to each set 
of equations. Indeed, the differences among the equations come from differences in preferred forms 
of equations and in the range of characteristics (A u, K, and Q that might be associated with future 
earthquakes and seismic wave transmission. None of this uncertainty can be resolved with currently 
available information, so the uncertainty is treated explicitly with multiple models. Because none 
of the models is preferred, we weight each method equally in the seismic hazard calculations, i.e., 
we apply a total weight of 1/2 to the empirically-based equations (1/3 each), and a total weight of 
1/2 to the analytically-based equations (to accomplish this, the weights of Table E-7 are multiplied 
by 1/21. 
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TABLE E-1 \ 

THEORETICALLY DERIVED ANELASTIC ATTENUATION 
COEFFICIENTS FOR CALIFORNIA AND EASTERN COLORADO 

Y a1 a2 a’ d’ 

PGA 
PSV( 1 Hz) 
PSV(2.5 Hz) 
PSV(5 Hz) 
PSV( 10 Hz) 
PSV(25 Hz) 

PGA 
PSV( 1 Hz) 
PSV(2.5 Hz) 
PSV(5 Hz) 
PSV( 10 Hz) 
PSV(25 Hz) 

PGA 
PSV( 1 Hz) 
PSV(2.5 Hz) 
PSV(5 Hz) 
PSV( 10 Hz) 
PSV(25 Hz) 

PGA 
PSV( 1 Hz) 
PSV(2.5 Hz) 
PSV(5 Hz) 
PSV( 10 Hz) 
PSV(25 Hz) 

i .. . 

” 

. .  

California, Soil (Kappa4.065) 

-0.01 4 19 0.000950 
-0.00642 0.0 
-0.01043 0.000230 
-0.0 1464 0.000650 ‘ 
-0.01 658 0.001 102 
-0.01 443 0.00097 1 

California, Rock (Kappaa.04) 

-0.0 1482 0.00094 1 
-0.00644 0.0 
-0.01 023 0.000181 
-0.0 1 402 0.000465 
-0.01 753 0.001006 
-0.0 1556 0.001001 

Eastern Colorado, Soil (Kappa4.065) 

-0.00398 0.000242 
-0.00 1 15 0.0 
-0.002 13 0.0 
-0.00365 ’ O.ooOo68 
-0.00532 0.000258 
-0.00420 0.000257 

) 

Eastern Colorado, Rock (Kappa4.04) 

-0.00445 0.000238 
-0.001 16 0.0 
-0.002 15 0.0 
-0.00332 0.0 
-0.00553 0.000161 
-0.00525 0.000292 

-0.0080 1 
-0.00642 
-0.00894 
-0.01 042 
-0.00942 
-0.008 12 

- 0.00 8 7 0 
-0.00644 
-0.00905 
-0.01 100 
-0.01 100 
-0.00906 

-0.0024 1 
-0.001 15 
-0.002 1 3 
-0.0032 1 
-0.00365 
-0.00253 

-0.00290 
-0.00 1 16 
-0.002 15 
-0.00332 
-0.00449 
-0.00335 

‘-2.451- 
-2.155 
-2.61 1 
-2.886 
-2:7 13 
-2.508 

-2.578 
-2.159 
-2.630 
-2.988 
-3.047 
-2.646 

- 1.436 
- 1.208 
-1.383 
- 1.578 
-1.661 
- 1.459 

- 1.525 
- 1.209 
- L387 
- 1.598 
-1.812 
- 1.609 
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TABLE E-2 

COEFFICENTS FOR THE FAULT-DISTANCE 
ATTENUATION RELATIONSHIP DERIVED FROM SADIGH ET AL. (1986) 

Y* a .  

PGA 

PSV( 1 Hz) 

PSV(2.5 Hz) 

PSV(5 Hz) 

PSV( 10 Hz) 

PSV(25 Hz) 

. PGA 

PSV( 1 Hz) 

PSV(2.5 Hz) 

PSV(5 Hz) 

PSV( 10 Hz) 

PSV(25 Hz) 

-2.6 1 1 

3.075 

2.486 

1.745 

0.724 

-0.77 1 

- 1.406 

3;674 

3.466 

2.962 

2.060 

0.635 

Soil Sites** 

0.0 - 1.75 

-0.060 - 1.75 

-0.0 17 - 1.75 

0.0 - 1.75 

0.007 - 1.75 

0.0 - 1.75 

Rock Sites 

0.0 -2.05 

-0.065 -2.05 

-0.027 -2.05 

-0.008 -2.05 

0.007 -2.05 

0.0 -2.05 

1.26-0.14M 

1.62-0.18M 

1.535-0.170M 

1.453-0.162M 

1.332-0.148M 

1.296-0.144M 

0.35 

0.45 

0.43 

0.40 

0.37 

0.36 

.. 1.26-0.14M 

1.62-0.18M 

1.535-0.170M 

' 1.453-0.162M 

1.332-0.148M 

1.296-0.144M 

0.35 

0.45 

0.43 

0.40 

0.37 

0.36 

' *  PSV is in units of cdsec; PGA is in units of .g 

** Soil coefficients are not used in hazard analysis, but are used to derive uncertainties in 
Appendix F. 
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TABLE E-3 
VALUES OF THE REFERENCE DISTANCE r' , 

RELATIONSHIP DERIVED FROM SADIGH ET AL. (1986) 
FOR USE WITH THE FAULT-DISTANCE ATTENUATION 

5.0 

5.1 

5.2 

5.3 

5.4 

a 5*5 
\ 5.6 

5.7 

5.8 

5.9 

6.0 

6.1 

6.2 

6.3 

6.4 

a. * 
(\.. 

Soil Sites* Rock Sites 

44.3 6.5 57.8 5.0 50.0 6.5 62.9 

6.6 59.1 5.1 50.9 6.6 64.1 45.1 

46.0 6.7 60.3 5.2 51.7 6.7 65.3 

46.8 6.8 61.5 5.3 52.5 6.8 66.5 

47.7 6.9 62.7 5.4 53.3 6.9 67.7 

48.6 7.0 63.9 5.5 54.2 7.0 68.9 

49.5 7.1 65.1 5.6 55.0 7.1 70.0 ' 

50.4 7.2 66.3 5.7 55.9 7.2 71.2 

51.3 7.3 67.5 5.8 56.7 7.3 72.4 

52.2 7.4 68.6 5.9 57.6 7.4 73.5 

53.2 < 7.5 69.7 6.0 58.5 7.5 74.7 

54.1 7.6 70.8 6.1 59.3 7.6 75.8 

55.0 7.7 71.8 6.2 60.2 , 7.7 76.9 

55.9 7.8 72.8 6.3 61.1 7.8 78.0 

56.9 7.9 73.7 6.4 62.0 7.9 79.0 

8.0 74.5 8.0 80.1 

Soil coefficients are not used in hazard analysis, but are used to derive uncertainties in , I 
Appendix F. I 
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TABLE E-4 

COEFFICIENTS FOR THE FAULT-DISTANCE ATTENUATION 
RELATIONSHIP DERIVED FROM JOYNER AND BOORE (1988) 

J Y* a b C k S** h 

0.43 0.23 0.0 -0.0012 0.0 8.0 0.28 

4.7 0.33 

5.7 0.3 1 

-0.0014 -0.01 9.6 0.28 

0.28 

0.23 0.0 -0.0013 -0.03 8.0 0.28 

PGA 

PSV( 1 Hz) 2.28 0.67 -0.17 -0.00050 0.27 

PSV(2.5 Hz) 2.44 0.47 -0.13 -0.00093 0.10 

PSV(5 Hz) 2.46 0.35 -0.09 

PSV(10 Hz) 2.16 0.25 -0.06 -0.0018 -0.02 11.3 

PSV(25 Hz) 1.26 

* 
** PSV is in units of c d s e c ;  PGA is in units of g 

s is set to zero for rock sites 

I 
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TABLE E-5 

COEFFICIENTS FOR THE FAULT-DISTANCE 
ATTENUATION RELATIONSHIP DERIVED FROM CAMPBELL (1993) 

PGA 

PSV( 1 Hz) 

PSV(2.5 Hz) 

PSV(5 Hz) 

PSV( 10 Hz) 

.-3.15 0.0 

0.32 1.37 

1 .1  1 0.60 

1.12 0.0 

0.14 0.0 

-1.31 0.0 

0.0 0.0 

-0.41 0.57, 

-0.46 0.12 

-0.2 1 0.0 

0.08 0.0 

0.22 0.0 

-0.00398 

-0.00 1 15 

-0.0021 3 

-0.00365 

-0.00532 

-0.00420 

~ 

* PSV is in units of cdsec;  PGA is in units of g 

0.000242 0.50 

0.0 0.72 

0.0 0.65 

0.000068 0.64 

0.000258 0.58 

0.000257 0.53 
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TABLE E-6 

CRUSTAL VELOCITY MODEL 

Shear-Wave Density 
Depth Range (m) Velocity (dsec )  (gm/cm’ 

,0-305 1408 2.3 

305- 1829 1760 2.4 
1829-3962 

3962-25,962 

25,962-40,962 

40,962-m 

2600 2.45 

3580 2.73 

3870 2.81 

4620 3.35 

I 
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TABLE E-7 

ATTENUATION COEFFICIENTS (SEE EQUATION E-18) 

Ground 
Motion 
Measure 

1-HZ PSV 

2.5-HZ PSV 

5-HZ PSV 

10-HZ PSV 

25-HZ PSV 

Peak Accel. 

Cl.rndiao C1.1 Cl,2 ‘1.3 c, ,‘I c, c3 c4 c5 C6 (0.046*) (0.454) (0.454) (0.046) 

5.933 5.355 5.927 6.460 7.032 1.520 -0.289 1.047 0.830 8.28e-04 
5.822 5.193 5.845 6.452 7.104 1.136 -0.128 1.087 0.830 2.00e-03 
5.363 4.557 5.336 6.061 6.840 0.997 O.OO0 1.123 0.830 3.W-03 
4.694 3.512 4.545 5.507 6.541 1.002 O.OO0 1.180 0.830 3.37e-03 
3.471 2.243 3.292 4.269 5.319 1.036 O.OO0 1.222 0.830 2.70e-03 
1.249 .392 1.187 1.927 2.722 1.049 O.OO0 1.180 0.830 2.29e-03 

* Quantities in parenthesis indicate weights for the alternative values of C,. 

0 
0 
tt, 
0 
P 
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TABLE E-8 

CHARACTERIZATION OF RANDOMNESS 
(standard deviation a,) 

Ground-Motion m6 M26.5 
Measure 

l-Hz PSV 0.75 0.71 

2.5-HZ PSV 0.70 0.63 

5-Hz PSV 0.67 0.58 

lo-& PSV 0.68 0.58 

25-Hz PSV 0.68 0.58 

Peak Accel. 0.63 
n 

E-32 
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TABLE E-9 
5 

CHARACTERIZATION OF UNCERTAINTY 
(standard deviation a,) 

Ground-Motion Measure 0.. 

1 -HZ PSV 

2.5-HZ PSV 

5-HZ PSV 

10-Hz PSV 

25-Hz PSV 

Peak Accel. 

0.36 

0.41 

0.49 

0.64 

0.66 
0.50 

Note: this uncertainty is captured by using 
multiple values of coefficient C,. 

E-33 
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TABLE E-10 

RATIO OF PSV (f, <)/PSV (f, .OS) 

Ratio for Ratio for Percent 
f 5 4.2 sec 4.5 sec Difference 

1 0.02 1.1604 1.1675 . -0.6% 

1 0.07 0.927 1 0.9249 0.2% 

0.10 0.8452 0.8413 0.5% 1 

5 0.02 1.2567 1.2615 -0.4% 

5 0.07 0.9 175 0.9 168 0.1% 

5 0.10 0.8399 0.8388 0.1% 

10 0.02 1.2982 1.3015 -0.3 % 

10 0.07 0.91 17 0.91 13 0.0% 

10 0.10 0.8312 0.8306 0.1% 
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Figure E- 1. Comparison of PGA attenuation for Colorado and California. 
I 
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Pcdn Accclwatioii (PGA) 
1 .  
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0.001 I 1 I I I I 1  I l l  I I I I I I I l l  I I I I I I l l  

1 10 100 1,000 
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Figure E-2. Empirically based attenuation functions for rock; 
PGA predictions for magnitude 5. 
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Sadigh et al. 
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Figure E-3. Empirically based attenuation functions for rock; 
PGA predictions for magnitude 6.5. 
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Spectral Velocity (PSV, 1 Hz) 

Magnitude 5.0 

100 1: 

0.01 ' I I I I I 1 1 1 1  I I I 1 1 1 1 1 1  I I I I I I I I  
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Figure E-4. Empirically based attenuation functions for rock; 
1-Hz PSV predictions for magnitude 5. 
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Spectral Velocity (PSV, 1 Hz) 

-.---.-._._ 
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Figure E-5. Empirically based attenuation functions for rock; 
1-Hz PSV predictions for magnitude 6.5. 
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Figure E-6. Predicted peak accelerations using the Ou-Hemnann formulation. 
See text for description of crustal models. 
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Figure E-7. Predicted peak acceleration using the Hemnann (1985) formulation 
compared to predictions for the ROCK1 crust. 
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LEGEND 
X DQTR 

LOG IKQPPA 1 2.40939 - 3 -15099 a LOG( VELOCITY I N  FT/S I 

Figure E-8. Kappa values plotted versus shear-wave velocities averaged 
over the top 100 ft for rock sites located in California. 
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LEGEND 
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Figure E-9. Effects of kappa on 5% damped pseudo-relative response spectra computed using 
the point source stochastic model. A moment magnitude 6.0 earthquake is considered with a 

stress drop of 120 bars and a hypocentral distance of 30 km. The Q(f) model 670°.33. 
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Frequency (Hz) 

Figure E-10. Regional Q models and models used in this study. Thick line, Singh 
and Hemann (1983); error bars, Gupta et al. (1989); thin lines, EPRT-DOE 

study and this study (used with weights of 0.2 (bottom), 0.4, and 0.4). 
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Figure E-1 1. Components of randomness plotted versus distance for 1-Hz PSV. 
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Figure E-12. Components of uncertainty plotted 
versus distance for 1-Hz PSV. 
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Figure E- 13. Comppnents of randomness plotted 
versus distance for 2.5 Hz PSV. 
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Figure E-14. Components of uncertainty plotted 
versus distance for 2.5 Hz PSV. 
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Figure E-15. Components of randomness plotted 
versus distance for 5 Hz PSV. 
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Figure E-1 6. Components of uncertainty plotted 
versus distance for 5 Hz PSV. , 
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Figure E-17. Components of randomness plotted 
versus distance for 10 Hz PSV. 
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Figure E- 18. Components of uncertainty plotted 
versus distance for 10 Hz PSV. 
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Figure E-19. Components of randomness plotted 
versus distance for 25 Hz PSV. 
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Figure E-20. Components of uncertainty plotted 
versus distance for 25 Hz PSV. 
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Figure E-21. Components of randomness plotted versus distance for PGA. 
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Figure E-22. 2% damped PSV spectra for M = 6.1, R = 20 km. 
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Figure E-23. Variation of randomness and uncertainty with magnitude for 1-Hz PSV. 
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Figure E-24, Variation of randomness and uncertainty with magnitude for PGA. 
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PGA vs DISTANCE, ROCK 

. 
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J 

Closest Distance to Fault (km) 

Figure E-25. Analytically based attenuation functions for rock; 
PGA predictions .for magnitude 5. Weights: solid lines, 0.454; dashed lines, 0.046. 
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Figure E-26. Analytically based attenuation functions for rock; 
PGA predictions for magnitude 6.5. Weights: solid lines, 0.454; dashed lines, 0.046. 
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SPECTRAL VELOCITY vs DISTANCE, ROCK 
I 0 , , Magnitude I 0 %. 1 I t ,  

. . . 

Closest Distance to Fault (km) 

. 

,e 
\ Figure E-27. Analytically based attenuation functions for rock; 

1-Hz PSV prediction for magnitude 5. Weights: solid lines, 0.454; dashed lines, 0.046. 
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SPECTRAL, VELOCITY vs DISTANCE, ROCK 

Closest Distance to Fault (km) 

Figure E-28. Analytically based attenuation functions for rock; 
1-Hz PSV prediction for magnitude 6.5. Weights: solid lines, 0.454; dashed lines, 0.046. 

EGGRF/REF’ORT/APPENDD.E4 E-62 



92 17-COO-204, Rev. 0 

m 
H 

N 

9: 

O t .  I . ,  I ' - . I  I I 
Mean 

-Campbell 
OSadigh 

- -  -Boore-Joyner - 
- -  -Anal~. no. 1 - 

- - - -Anal~. no. 2 
-Analy. no. 3 

. . .  .Andy. no. 4 -  

- - - _  
- . -  

- -  

. . . . .  

1 - - -  
\ 

;. 
- 

- 

\ \  
\ 2 +  . , . ,  \ 

-Magnitude = 5.9 
-Distance = 27.0 

r( 

, S I  . , . I  

100 2 101 2 102 

Figure E-29. 2% damped PSV spectra on rock for M = 5.9, R = 27 km. 
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Figure E-30. 5% damped PSV spectra on rock for M = 5.9, R = 27 km. 
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Figure E-31. 7% damped PSV spectra on rock for M = 5.9, R = 27 km. 
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Figure E-32. 10% damped PSV spectra on rock for M = 5.9, R = 27 km. 
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APPENDIX F 

SOIL AMPLIFICATION STUDIES 

Risk Engineering, Inc. 
Boulder, Colorado 

EQE International, Inc, 
Evergreen, Colorado 

Pacific Engineering and Analysis Co. 
El Cerrito, California 

INTRODUCTION 

For the purpose of site response analyses, the Rocky Flats site conditions consist generally of soil- 
like properties to a depth of about 100 feet. The shallow alluvium consists of sands, gravels, silts, 
and clays (EG&G Rocky Flats, Lnc., 1993) with a thickness ranging from about 6 feet to over 20 feet 
(EG&G Rocky Flats, Inc., 1993). Below the alluvium, a weathered friable claystone bedrock is 
encountered. The weathered zone extends to depths of about 100 feet where the claystone reaches 
rock like properties. The claystone bedrock extends to depths exceeding 500 feet. The profile may 
be simply characterized as a three layer system consisting of alluvium, weathered bedrock, and 
bedrock. This profile has the capacity to amplify incoming seismic wave at certain frequencies, 
thereby modifying the characteristics of seismic rock motion that occurs at depth. This 
amplification must be considered in any analysis that represents the seismic hazard at the ground 
surface. 

0 
(.- 

The purpose of this Appendix is to estimate quantitatively the effects that soils will have on 
incoming seismic motions. The most direct and non-controversial approach to account for the 
effects of surficial materials on strong ground motion is empirical. Ideally amplification factors 
could be developed based entirkly upon observations of strong ground shaking at the site of interest. 
Past studies using data recorded on rock and on different classes of soil profiles, such as stiff soils 

' and deep cohesionless soils, have demonstrated large differences in spectral amplification due to the 
presence of the soils (Seed et al., 1976; Mohraz, 1976; Joyner and Fumal, 1984; Schneider et al., 
1993). These studies are extremely useful in showing general trends, but do not allow a direct 
application at any particular site because the general studies use a number of sites with a range of 
characteristics, not a set of identical sites. 

There are no strong motion records available at the Rocky Flats Plant on which to base a purely 
empirical analysis. Therefore we estimate soil effects using an analytical model based on physical a theory of dynamic soil behavior, and check these results for reasonableness and consistency using 
a model based on empirical trends. Both methods are described in this Appendix. i 
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One of the most important parameters that influences soil amplification is the shear wave velocity 
of the  in  situ soil. Downhole shear wave velocity testing was performed at Rocky Flats in  eight 
holes ranging in depth from about 20 ft to about 500 ft (Blackhawk, 1993, 1994). The hole 
locations are shown in Figure F-1, and surround the Protected Area of the Plant. No holes were 
drilled in the actual Protected Area due to access restrictions. As a result, no direct measurements 
of shear-wave velocities were available ,for the materials underlying the Protected Area. The 
available data should, however, be representative of the soil conditions in the general area. Profiles 
B, E,’and J extended to about 145 ft  while hole L had velocities logged to about 500 ft (Blackhawk, 
1994, Figures 1 and 2). Profiles C, D, F, and G extend to depths of about 20 to 30 ft. The measured 
velocities for all holes are shown in Figure F-2 down to a depth of 200 ft. Hole L indicated uniform 
velocities below 160 ft down to the maximum hole depth of 500 ft. Profiles C and D have shear- 
wave velocities exceeding the compressional-wave velocities (Blackhawk, 1993), and are therefore 
considered unreliable; data from these holes are not used in developing a median profile, as 
discussed below. 

EMPIRICAL ESTIMATES OF SOIL AMPLIFICATION 

Methodology 

There are no direct observations of soil amplification at Rocky Flats on which to base empirical 
estimates, so empirical estimates must be infermi and modeled from other observations, taking into 
account the available soil characteristics at Rocky Flats. The approach adopted for this study is 

Provisions for the Development of Seismic Regulations for New Buildings. Although not truly site- 
speclfc, the method uses the average shear-wave velocity in the upper 30 m (100 ft) of the site of 
interest to infer frequency dependent site amplification factors that are consistent with a generic site 
having the same average shear-wave velocity. Since the specific frequency response of the site is 
not accounted for in this methodology, it is recommended that the empirical results be used only as 
a check on the analytical procedure presented in the next section. The empirical method as applied 
in this study is based on an amplitude independent procedure that utilizes empirical regression 
models developed by Boore et al. (1993, 1994). Boore et al. (1993) developed attenuation 
relationships that included frequency dependent amplification factors for three site categories, 
referred to as Classes A, B and C. These site classes were defined in terms of the mean shear-wave 
velocity (V&,J in the upper 30 m (98.4 ft) of the soil deposit. Site classes were defined as having 
V, in the range >750 m/sec (2460 ft/sec) for Class A sites, 360 to 750 d s e c  (1 180 to 2460 ft/sec) 
for Class B sites, and 180 to 360 d s e c  (590 to 1180 ft/sec) for Class C sites. The amplification 
factors were given by the expression, 

consistent with that being recommended for an up-coming revision of the NEHRP Recommended ( .  

c 

where A(f) is a frequency dependent amplification factor, G, = 1 for Class B sites, G, = 1 for Class 
C sites, and G, = G, = 0 for Class A sites. 

Boore et al. (1994) reanalyzed the data of Boore et al. (1993) and developed site amplification 
factors directly in terms of V&%. Since shear-wave velocities have been measured at Rocky Flats 
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(see Figure F-2), a modified version of this latter relationship was used to estimate empirical 
amplification factors at Rocky Flats. This relationship is given by the expression, @ 

(. 

where V,(f) is the average value of V,, for Class A sites. 

The amplification factors given by Equation (F-2) are calculated with respect to an average Class 
A site. In order to apply this relationship to the attenuation relationships for rock developed in 
Appendix E, it was necessary to adjust it to a reference site consistent with these relationships. 
Boore et al. (1993) compared predictions based on their new site classifications with those 
developed by Joyner and Boore (1988) for soil and rock. This latter relationship was one of those 
used to develop empirical attenuation relationships in Appendix E. They found that the rock 
predictions using the 1988 relationship were generally consistent with those for Class C sites for 
periods less than about 0.25 sec and generally consistent with those for Class B sites for periods 
greater than about 0.35 sec. 

The agreement between the predictions for rock and those for Class C sites at the higher frequencies 
seems inconsistent, considering that predictions for Class C sites are in agreement with those for soil 
at all fkquencies. The inconsistency arises from Joyner and Boore's (1988) results indicating that 
ground motions were similar on soil and rock at high frequencies. rAlthough this similarity may be 
appropriate at high amplitudes for which nonlinear soil behavior becomes significant, it is not 
believed to be appropriate at smaller amplitudes. Since the procedure developed for estimating 0 empirical soil amplification in the present study results in factors that are consistent with analytical 
results (also presented in this Appendix), it was assumed that rock as defined in the Joyner and 
Boore (1988) study corresponds to Class B sites of Boore et al. (1993, 1994) at all frequencies of 
interest. 

A similar comparison could not be made for the other empirical rock attenuation relationships 
presented in Appendix E. However, since all of the relationships are based on the same general set 
of strong-motion recordings and all use about the same definition for rock, it is reasonable to assume 
that predictions from the rock relationships of Sadigh et al. (1986) and Campbell (1993) are also 
consistent with those for Class B sites. 

To adjust Equation (F-2) to represent amplification with respect to rock, or equivalently Class B 
sites, we equated the right-hand side of Equation (F-2) to coefficient b,(f) and solved for VLm, thus 
obtaining an estimate for V,(Q to use in place of V,(f) in Equation (F-2). The resulting median 
estimate for A(f) is given by the expression, 

A(f) = b,(f)[log v, - 1% V,(f)l 

where the coefficients b,(f) and V,(f) are given in Table F-1. 

(F-3) 

An estimate of V,, for the Rocky Flats Plant was developed from the median shear-wave velocity 
profile for the site using the Same procedure that Boore et al. (1993, 1994) used to estimate V,, for a the recording sites used in their study. This procedure defines the mean shear-wave velocity as the 

(\ depth (i.e., 30 m) divided by the mean travel time of vertically propagating shear waves over this 
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depth. Based on this procedure, the mean shear-wave velocity in the upper 30 m of the Rocky Flats 
site was found to be 1,065 ft/sec (324.8 dsec). 

The median soil amplification factors estimated using Equation (F-3) were found to have a dip in 
the amplification spectrum at 5 Hz. In order to produce a smooth spectrum, this value was replaced 
with the geometric average of the amplification factors at 2.5 and 10 Hz. The resulting median 
amplification factors are given in Table F- 1. 

Uncertainty 

There are three sources of uncertainty in the median estimate of A(f). The first is the uncertainty 
in equating rock in the attenuation relationships of Sadigh et al. (1986), Joyner and Boore (1988), 
and Campbell (1993) to Class B sites of Boore et al. (1993, 1994). The second is the uncertainty 
in estimating A(f) from V,, using Equation (F-3). The third is the uncertainty in the measured value 
of V, at the Rocky Flats Plant. 

The first uncertainty associated with equating rock to Class B sites is known to be small for the 
Joyner and Boore (1988) attenuation relationship, since comparisons by Boore et al. (1993) 
demonstrated that the former resulted in predictions that are very nearly equivalent to or, in the case 
of the high frequencies, higher than those from the latter. Similar comparisons were not possible 
for the other two attenuation relationships, since their databases were not presented in such a form 
as to allow such a comparison to be made. However, since these relationships used similar 
databases and similar definitions of rock as the Joyner and Boore (1988) relationship, it is 
reasonable to assume that the errors in equating them to Class B sites should also be small. 

I 

The second source of uncertainty, the statistical error in estimating A(f) from Equation (F-3), was 
not addressed by Boore et al. (1994) and, therefore, could not be assessed directly. The third source 
of uncertainty, which includes both the error in the individual shear-wave velocity measurements 
at a given site at the Rocky Flats Plant as well as the site-to-site variability in the measured shear- 
wave velocity profiles at the various measurement sites within the Plant, was not formally estimated 
in the development of the median shear-wave velocity profile. 

Since it was not possible to formally estimate the individual errors associated with the three sources 
of uncertainty, it was decided to use a statistical surrogate to estimate these uncertainties. A 
reasonable surrogate is the mean error in the soil amplification factors associated with predicting 
ground motions on soil from those on rock from the empirical attenuation relationships used to 
estimate ground motions for the R o c b  Flats region in Appendix E. The average standard deviation 
of the natural logarhhm of these amplification factors, averaged over magnitudes of 5 and 6.5 and 
distances of 5 and 50 km for all periods of interest, was estimated to be 0.22. The specific value 
assigned to this parameter is not critical, since the results are not very sensitive to its variation. For 
example, a ~t 50% change in this parameter results in only about a f 10% variation in the median 
plus and minus standard deviation amplification factors. Therefore, it is recommended that the 
standard deviation of In A(f), uhA, be assigned the value 0.22 in all applications requiring an 
estimate of this uncertainty. 
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The median, median minus standard deviation, and median plus standard deviation estimates of the ” 
smoothed empirical soil amplification factors developed in this study are listed in Table F-1 and 
plotted in Figure F-3. 

ANALYTICAL ESTIMATES OF S O L  AMPLIFICATION 

Equivalent-Linear Computational Scheme 

The computational scheme that has been most widely employed to evaluate onedimensional site 
response assumes vertically-propagating plane shear waves. Departures of soil response from a 
linear constitutive relation are treated in an approximate manner through the use of the equivalent- 
linear approach. 

The equivalent-linear approach, in its present form, was introduced by Seed and Idriss (1970). This 
scheme is a particular application of the general equivalent linear theory introduced by Iwan (1967). 
Basically, the approach is to approximate a second order nonlinear equation, over a limited range 
of its variables, by a linear equation. Formally this is done in such a way that an average of the 
difference between the two systems is minimized. For ground response modeling this is achieved 
by defining an effective strain which is assumed to exist for the duration of the excitation. This 
value is usually taken as 65% of the peak time-domain strain calculated at the midpoint of each 
layer, using a linear analysis. Modulus and damping curves are then used to define new parameters 
for each layer based on the effective strain computations. The linear response calculation is 
repeated, new effective strains evaluated, and iterations performed until the changes in parameters 
are below some tolerance level. Generally a few iterations are sufficient to achieve a strain- 
compatible linear solution. 

This stepwise analysis procedure was formalized into a one-dimensional, vertically propagating 
shear-wave d e  called SHAKE (Schnabel et al., 1972). Subsequently, this code has become easily 
the most widely used analysis package for one-dimensional site response calculations. 

The advantages of the equivalent-linear approach are that parameterization of complex nonlinear 
soil models is avoided and the mathematical simplicity of linear analysis is preserved. A truly 
nonlinear approach requires the specification of the shapes of hysteresis curves and their cyclic 
dependencies. In the equivalent-linear methodology the soil data are utilized directly and, because 
at each iteration the problem is linear and the material properties are frequency independent, the 
damping is rate independent and hysteresis loops close. 

I 

The most significant advantage of the equivalent-linear formulation is the preservation of the 
superposition principle. For linear systems, this principle permits spectral decomposition and 
frequency-domain solutions. One can then make use of the propagator matrix solution scheme 
(Haskell, 1960; Schnabel et al., 1972; Silva, 1976) for very efficient frequency domain solutions 
of the wave ’equation. The superposition principle then permits a spectral recomposition of the 
wavefields (sum over frequencies) through an inverse Fourier or Laplace transform. An important 
result is that the deconvolution process (Le., propagating the control motion down rather than up) 
results in a unique solution. That is, for a given motion at the surface, within an equivalent-linear 
framework there is only one base motion (solution). In reality of course, if the soils are behaving 
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in a nonlinear fashion and have degraded, many different input motions at the base of the soil could 
result in a similar surface response. 

While the assumptions of vertically propagating shear waves and equivalent-linear soil response 
certainly represent approximations to actual conditions, their combination has achieved 
demonstrated success in modeling observations of site effects (Schnabel et al., 1972; Schneider et 
al., 1993). 

Stochastic Point-Source Computational Model 

The computational scheme employed to compute the site response uses the stochastic point-source 
ground motion model (Boore, 1983; Silva and Green, 1989; Schneider et al., 1993) to generate the 
power spectral density and spectral acceleration of the rock or control motion. This motion or 
power spectrum is then propagated through the one-dimensional soil profile using the plane-wave 
propagators of Silva (1976). In this formulation only SH waves are considered. Arbitrary angles 
of incidence may be specified but normal incidence is used throughout the present analyses. 

In order to treat possible material nonlinearities, the equivalent-linear formulation is employed. 
Random process theory is used to predict peak time domain values of shear strain based upon the 
shear strain power spectrum. In  this sense the procedure is analogous to the program SHAKE 
except that peak shear strains in SHAKE are measured in the time domain. The purely frequency 
domain approach obviates a time domain control motion and, perhaps just as significant, eliminates 
the need for a suite of analyses based on input motions having the same response spectra but 
different time history characteristics. This arises because each time domain analysis may be viewed 
as one realization of a random process. In this case, several realizations of the random process must 
be sampled to have a statistically stable estimate of site response. The realizations are usually 
performed by employing different control motions with the same level of peak acceleration and 
spectral shape. 

In the case of the frequency domain approach the estimates of peak shear strain as well as oscillator 
response are, as a result of the random process theory, fundamentally probabilistic in nature. Stable 
estimates of site response can then be computed by forming the ratio of spectral acceleration 
predicted at the surface of a soil profile to the spectral acceleration predicted for the control motion. 

Soil Profile 

The available shear wave profiles measured at Rocky Flats were described previously and are 
Summanzed * in Figures F-1 and F-2. A median (logarithmic mean) profile was calculated based on 
the data from holes B, E, F, G, J, and L; this median is shown in Figure F-4 as a solid line. 

To simplify the median profile for analyses, the thin low velocity layer near 25 ft  was smoothed, 
as were the steps near 150 ft. For the site response analyses, bedrock is taken at a depth of 100 ft 
and with a velocity of 2000 ft/sec (610 dsec). This is compatible with the analytically derived rock 
attenuation relation which represents a region specific crustal model with a shear wave velocity of 
2000 ft/sec (610 m/sec). This base case profile is shown in Figure F-4 as a dashed line. 

( 
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The base case profile is shown in Figure F-5 along with the measured profiles and is a good 
representation of an average profile for the purpose of site response analyses. To accommodate 
variations in velocity and layer thickness as well as profile depth which may be expected to'occur 
over the site, response analyses are performed for a suite of 50 randomized profiles. The 
randomized profiles are produced by generating a velocity perturbation to the first layer assuming 
a lognormal distribution with a standard error (natural log) of 0.40. This perturbation velocity is 
then added to each layer resulting in a shift in  the base case profile to higher or lower velocities. 
This process maintains the impedance contrasts between layers and results in a more conservative 
amplification than allowing the layers to vary individually. The bedrock velocity is independently 
varied assuming a smaller standard error (natural log) of 0.2 since the bedrock velocity is expected 
to vary less than the soil profile (EPRI, 1993). 

The ah of 0.40 (factor of 1.5) is chosen to be in general accord with the NRC guidelines which 
accommodate profile variation (velocity, layer thickness, and depth) in a deterministic manner by 
upper- and lower-bound analyses using a factor of 2 in shear modulus (1 -4 in shear-wave velocity). 
The Monte Carlo approach permits true median and 1-sigma estimates of site amplification and, 
with a (J, of 0.4, results in variations similar to or larger than the NRC deterministic approach 
(Figure F-6). The uncertainty in soil amplification resulting from the randomized profiles as well 
as from randomized modulus reduction and damping curves (next section) are sufficient to 
accommodate variations in both layer thicknesses and material properties expected to occur over the 
site area However, because velocity data were only available surrounding the site area (Figure F- 1) 
and not at actual building locations, site (building) specific soil amplification factors should be 
computed if appropriate profiles are available. Recommendations for building-specific site response 
analyses are given in the conclusions of this Section. 

Modulus Reduction and Damping Curves 

The site is underlain by soils consisting of sands, gravels, silts, and clays over a soft friable 
claystone bedrock (EG&G Rocky Flats, Inc., 1993). Since laboratory dynamic testing was 
precluded due to environmental concerns, a set of generic modulus reduction and damping curves 
was adopted for the site response analyses. The curves selected were developed in a recent 
DOEEPRI sponsored project (EPRI, 1993). As part of this project, laboratory testing was 
performed by Professor Ken Stokoe (EPRI; 1993) on soil samples taken from several sites which 
recorded significant levels of ground shaking. Modulus reduction and damping curves resulting 
from the laboratory resonant column and forsional shear tests wen used to verify both equivalent- 
linear and nonlinear site response analyses (EPRI, 1993). Results from these analyses clearly 
demonstrated that both the equivalent-linear and nonlinear analyses provided equally good fits to 
the recorded motions and that the material nonlinearities, quantified through the laboratory testing 
program, accurately reflected in-situ high-strain dynamic soil properties. Based on this verification 
of the dynamic laboratory tests, a generic set of modulus reduction and damping curves were 
developed for application to soils comprised of sands, gravels, and low plasticity clays. The generic 
curves were based on the results of the laboratory testing program and were used to develop soil 
amplification factors for a suite a soils categories which include profiles comprised of materials like 
those which occur at Rocky Flats. 

Figure F-7 shows the curves with the effects of confining pressure reflected in the depth ranges 
shown, with less damping and higher G/G, for a given strain level as the depth increases. 
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In order to accommodate variability in the modulus reduction and damping curves for the site area, 
the curves were independently randomized about the base case values shown i n  Figure F-7. A 
lognormal distribution was assumed with a a,,, of 0.35 at a cyclic shear strain of 3 x lo-*% (EPRI, 
1993). This dismbution is based upon examining the variability in laboratory dynamic test results 
(EPRI, 1993) of materials sampled at the same site at close enough depths to ensure similar 
materials are sampled and that the effects of differences in confining pressures are not significant. 
Upper and lower bounds are placed on the randomized curves to preserve physically realizable 
variations. For a given depth range, the bounds are taken from the next shallower or deeper depth 
range depending on whether upper or lower modulus reduction or damping bounds are considered. 
For the shallowest and deepest ranges, the bounds are set to be symmetrical about the base case 
curves. The random curves are generated by sampling the transformed normal distribution with a 
(3, of 0.35, computing the change in normalized modulus reduction or percent damping at 3 x 
shear strain, and applying this factor at all strains. The random perturbation factor is reduced or 
tapered near the ends of the strain range to preserve the general shape of the median curves. Figures 
F-8, F-9, and F-10 show ten of the fifty realizations for each of the three sets of curves. As the 
figures show, the suites of curves are smooth and are constrained to preserve the general shape of 
the median curves. 

SpecificBtion!of Control Motion 

Since the computational scheme used to compute the motions at the surface of the profiles does not 
require time histories for control motions, the point-source stochastic ground motion model may be 
used to define the outcrop power spectral density. In order that the outcrop motions used to excite 
the soil profile are in general accord with the analytical attenuation model for rock motions, the base 
case source and propagation path parameters listed in Table F-2 were used. These are the same 
values used in developing the motions for the analytical attenuation relation. 

Development of Site Amplification Factors 

Site amplification factors are computed as the ratio of the 5% damped spectral pseudo acceleration 
(PSA) at the surface of each site for each randomized profile to the 5% damped PSA for the bedrock 
(outcrop) motion. In addition, both peak acceleration and peak velocity were computed for the site 
and outcrop as well. Levels of input motion (rock outcrop) of 0.01,0.05,0.1,0.2, 0.3, 0.4,0.5, 
0.75, and 1.Og were used to accommodate effects of material nonlinearity upon site response. The 
varying levels of control or rock outcrop motion are intended to reflect the effects of magnitude or 
distance on the soil profile. Table F-2 shows the magnitudes (M), distances (R), peak accelerations, 
and peak particle velocities of the outcrop motions. Also shown are the predominant frequencies, 
estimated from the random process theory, associated with the peak accelerations and peak particle 
velocities. The outcrop ratios of peak velocity to peak acceleration (V/A) display expected 
magnitude dependency and weak dependence upon distance. 

r 

. 

Amplification Factors 

The amplification factors, 5% damped PSA(soil)/PSA(rock), were computed at 89 frequencies from 
approximately 0.25 Hz to 100 Hz. The frequency range of interest is from 0.5 Hz to 25 Hz and 

F-19 show the median and f 1 sigma amplification factors for each control motion level and Table 
more specifically at discrete frequencies of 0.5, 1 .O, 2.5, 5, 10, and 25 Hz. Figures F-1 1 through i 
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@ 
F-3 summarizes the values at the suite of discrete frequencies along with factors for peak ground 
acceleration and peak particle velocity. 

The largest amplification, about 1.75, occurs near 4 Hz (Figure F-11) at the median profile 
fundamental resonance for the lowest control motion (0.01g). At higher levels of motion, the 
fundamental resonance shifts to lower frequency and is smaller in amplitude. Accompanying the 
shift in the resonance to lower frequencies as the profiles soften with increased input motions is a 
reduction in amplification at higher frequencies. This results from the increased damping in the 
profiles at the higher strain levels. The increase in the amplification factors with increasing 
frequency beyond about 10 Hz is due to the soil response spectral acceleration beginning to saturate 
to peak acceleration (Le. response accelerations are driven by, and are close to, peak ground 
acceleration) at lower frequencies than for the control motion response spectra. The increased 
damping at the higher input levels is causing the spectra computed at the soil surface to attenuate 
at frequencies above about 10 Hz. This effect is illustrated in Figure F-20 which shows a 
comparison of the soil and rock (control motion) 5% damped spectral accelerations. The median 
soil spectrum exceeds the rock spectrum at low frequency with a broad maximum near 3 Hz. 
Beyond that the soil spectrum decreases with increasing frequency falling to the level of the rock 
spectrum near 10 Hz‘ At higher frequencies, the soil spectrum rapidly saturates to peak acceleration 
while the rock spectrum continues to decrease, saturating near 30 Hz. 

The largest uncertainty (ad is about 0.40 and occurs near the fundamental resonance of the median 
profile where the soil column is, on average, having its greatest amplification effect. The 

@ amplification factors for peak acceleration (Table F-3) range from 1.55 for the lowest input motion 
to 0.98 for a lg control motion. The average value is about 1.3. Peak velocity amplification 
averages somewhat less, about 1.2. The predominant effects of the soil column are at the higher 
frequencies (> 2 Hz) associated with peak acceleration. 

( 

EFFECTS OF FRONT RANGE BEDROCK GEOLOGY 

Effects of Non-Horizontal Interfaces 

There is some concern that the geometry of the Colorado Front Range bedrock structures may lead 
to amplified ground motions at sites close to where sedimentary units have been juxtaposed against 
older igneous and metamorphic units. Consideration of ground motions for these bedrock 
geometries is fundamentally an assessment of departure in response from the classical vertically 
propagating plane shear-wave one-dimensional model (Seed and Idriss, 1970; Schnabel et al., 1972). 
The main effect of the curvature of the sediment-basement interface is the.generation of surface 
waves and trapped body waves that propagate in sedimentary rocks and superpose with the 
vertically-propagating shear waves. This may result in an amplification of motion as well as 
increased duration over one-dimensional site response effects alone. 

7 

I 

Observations suggest that the simple one-dimensional model works well in predicting local site 
effects at locations away from dipping interfaces (King and Tucker, 1984). This observation is also 
predicted in modeling (Bard and Gariel, 1986). Edge effects, associated with rapid changes in the 
depth to basement may give rise to the local generation of surface waves which, because of material 
damping, do not significantly alter the spectral content of motions some distance from the edges 
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(Tucker and King, 1984): Additionally, long period body waves incident at shallow angles to a 
basin structure may become trapped and propagate across the basin as surface waves until reaching 
the thmning margin when they escape as body waves (Vidale and Helmburger, 1988). In the basin, 
these locally generated surface 'waves can give rise to amplifications and increased durations not 
predicted by vertically propagating shear waves. 

An important aspect of these basin effects is that both modeling and observations indicate they are 
present and show similar characteristics for incident SH as well as incident SV wavefields (Tucker 
and King, 1984; Kawase and Aki, 1989; Vidale and Helmberger, 1988; Silva, 1991). Incident SH- 
waves give rise to Love type surface waves and trapped SH body waves while incident SV-waves 
generate Rayleigh type surface waves, trapped SV body waves, and scattered or converted P-waves. 
Incident P-waves, as well as scattered P-waves, are of little concern since their amplitudes are much 
d e r  than S-waves, particularly in the frequency range which excites surface waves (Kawase and 
Aki, 1989). The similarity of basin response due to incident SH or SV waves indicates that the use 
of more straightfoxward analyses involving incident SH waves will reveal expected amplitudes and 
characteristic frequencies of structure generated surface waves and trapped body waves. As a result, 
an SH analysis for a given structure and suite of incidence angles can characterize stable features 
of basin response indicating whether enhanced motions over direct S-waves and one-dimensional 
effects may be of concern for design ground motions. Naturally if an SH wave analyses indicates 
stable features of basin induced motions in the frequency range of interest to structures, systems, 
or components a more complete analysis is warranted. Because the current analysis is simply one 
of determining whether or not basin response may be an issue of concern at the Rocky Flats Plant 
for frequencies of 1 Hz and greater, only an SH wave analysis will be performed. 

Since little information exists on direct measurements of shear-wave velocities for the regional 
crustal structure (deeper than 500 ft) within about 200 km of the Denver area, the ldimensional 
model was developed based upon measured compressional-wave velocities. For the crust beneath 
the sedimentary section, Precambrian basement and below, the compressional-wave velocity and 
density models were based on deep refraction surveys described in Prdehl and Lypman (1989) and 
are,appropriate to the Central Plains. For the sedimentary section, the sonic velocity log for the 
Wildcat #1 borehole at the Rocky Mountain Arsenal was used. The sonic log was divided into three 
layers extending to a depth of about 4 km. The depth of the sedimentary column at Rocky Flats is 
based on reflection line RFD-1 of Ebasco (1991). Shear-wave velocities were then computed by 
assuming a Poisson solid for the entire crust. The entire crustal profile is shown in Figure F-21. 

\ 

t 

The 2-dimensional crustal model is based on the reflection line RFD-1 of Ebasco (1992) which 
shows the eastward dipping interface between the sedimentary and crystalline rock units along the 
Front Range. Since the analysis procedure to assess the effects of the dipping interface will consist 
of ratios of motions (Fourier amplitude spectra) computed using 2-dimensional and l-dimensional 
structures, details in the velocity gradient for the sedimentary rock column (top 4 km shown in 
Figure F-21) need not be considered. The use of ratios also cancels out the effect of source 
mechanism making the results independent of fault type. Simplified crustal model consists of a 
sedimentary block with an average shear-wave velocity of 2.05 km/sec (6724 ftlsec) in contact with 
crystalline rock with a shear-wave velocity of 3.58 km/sec (1 1,740 ftlsec) (layer 4 of the crustal 
model in Figure F-21). The crustal model is shown in Figure F-22 along with the inferred trace of 
the Front Range Fault (see Appendix A). It should be pointed out that a 2-D model of a complicated 
geological problem such as this may not bring out all the ground motion amplification that might 
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occur. Therefore these results should be viewed as an approximate evaluation consistent with the 
scope of the project that is not definitive. 

Analytical Model 

The computational algorithm used to model the effects of the 2-dimensional structure is an elastic 
explicit time-domain-finite-difference formulation (Vidale and Helmberger, 1988). The algorithm 
was developed by Dr. John Vidale who is currently at USGS (Menlo Park). The computer code, 
AMOD is fourth order in accuracy of spatial derivatives resulting in minimal grid dispersion. 
Absorbing boundary conditions are imposed on the sides and bottom of the finite difference grid. 
In the SH mode implemented here the top of the grid has free surface boundary conditions 
(reflection coefficient is equal to l)., In the analyses, the source is input as plane SH waves incident 
at specified angles from either the left (western) or right (eastern) side of the grid. 

Code Validation 
? . 

To validate the 2-dimensional code M O D ,  identical runs using the structure shown in Figure F-22 
were made with AMOD and an independently developed code which solves the same equations of 
motion but using different computational algorithms. This code was developed by Professor Jerry 
Schuster at the University of Utah. Professor Schuster's code has been extensively tested against 
analytical results and has been published in reviewed papers (Schuster et al., 1990). A comparison 
of Professor Schuster's code to several other 2 dimensional modeling methods using the same basin 
structure (Salt Lake Basin) as well as to recorded ground motion data has been recently performed 
(Schuster et al., 1990). The results showed good agreement between the different methods andtto 
the recorded motions. 

The comparison between the AMOD results and those of Professor Schuster's code are shown in 
Figure F-23 for each of the 7 site locations. The incidence angle is 32 degrees for a plane wave 
source located to the west of the Front Range. In the figure, the AMOD results are plotted as a solid 
line with Professor Schuster's results overplotted with a dashed line. The two results are nearly 
identical and illustrate very close agreement for two independently formulated finite difference 
solutions to the wave equations. I 

Results of Analytical Analyses 

The 2-dimensional finite element grid used in assessing the effects of the dipping contact between 
the sedimentary and crystalline basement rock units is shown in Figure F-22. Because there is some 
uncertainty as to ,the actual location of the contact relative to the Rocky Flats Plant Site (Site 4, 
Figure F-22), computations are also made for three sites on either side of the plant location. The 
sites are spaced at 1 km intervals and the motions are averaged over the seven sites. 

To assess the effects of the dipping interface, Fourier amplitude spectra are computed at each site 
using both the 2-dimensional crustal structure and a 1-dimensional structure for the same angle of 
incidence. The 1-dimensional structure consists of simply the sedimentary rock layer over the 
granitic basement. Taking the ratios of the 2-dimension simulations to the 1-dimension simulations 
isolates the effects of the dipping structure. 
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For completeness, a source west of the plant site, representative of the Front Range Fault, and a 
source to the east, representative of the Derby Fault, are considered. In the analyses, incident 
inclined plane SH waves are considered. For the Front Range Fault (Figure F-22), angles of 
incidence are computed based upon assumed source depths of 5,10, and 15 km and fault dips of 30°, 
45", and 60" (Table F-4). These values of dip span the range of expected angles (see Appendix A). 
The Derby Fault is considered a vemcal fault with a source depth of 10 km. Angles of incidence 
are computed for epicentral distances of 15, 20, and 30 km (Table F-4). This range covers the 
distance of the mapped surface trace of the fault from the plant site (see Appendix A). The fault lies 
off the eastern side of Figure F-22. 

Results of the analyses for the Front Range Fault are shown in Figure F-24. The Fourier amplitude 
spectra computed for each angle of incidence (Table F-4) are averaged over the sites. The ratios of 
2-dimensional to l-dimensional analyses are then averaged over incidence angles assuming a 
lognormal dismbution. The resulhg median ratio and sigma values are smoothed over 7 points (0.5 
Hz). The sigma values should be viewed as approximate since they are based on a limited number 
of analyses (Table F-4). Figure F-24 shows a small peak in the median amplification of about 30% 
at low frequencies (around 0.6 Hz). This effect is likely due to the generation of surface waves 
along the dipping interface. Since this is an elastic calculation, the effects of damping would tend 
to reduce the amplification slightly. The small peak near 10 Hz is not considered significant and 
would likely be completely eliminated if the effects of damping, particularly at high levels of strain, 

I were considered. Figure F-25 shows the results of analyses for the Derby Fault (eastern sources). 
Interestingly, the most significant feature is a deamplification for frequencies near about 2 Hz. In 
addition, the uncertainty appears to be greater. The trough may be due to a cancellation effect of 
scattered surface waves propagating from west-to-east after being generated along the dipping 
interface by the westward propagating primary wavefield. The greater Uncertainty may simply be 
due to fewer analyses (3 compared to 9, Table F-4). In order to assess the effects of uncertainties 
in the crustal velocities, sedimentary rock and crystalline basement, the suites of analyses were 
repeated for upper- and lower-bounds on shear-wave velocities (Table F-5). These bounds in 
velocities were based on Prodehl and Lypman (1989) and represent the variability in crustal 
velocities based on compressional-wave refraction surveys in the Central Plains. A constant 
Poissons' ratio of 0.25 was used in deriving the range in shear-wave velocities based upon the range 
in compressional-wave velocities. 

Figure F-26 shows the resulting Fourier amplitude spectral ratio computed for the Front Range Fault 
(averaged over site and incidence angle) which includes the seven velocity cases shown in Table F- 
5. As expected, the peak near 0.6 hz is broadened and slightly reduced and the total uncertainty has 
increased. The analogous results for the Derby Fault are shown in Figure F-27. In this case, the 
trough has broadened and become less deep. Finally, Figure F-28 shows an average over both 
eastern sources (Derby Fault) and western sources (Front Range Fault). Here the slight 
amplification at low frequencies due to western source and the slight deamplification near 2 Hz for 
eastern source is still apparent. 

( 

* 

OBSERVATIONS OF EARTHQUAKE INTENSITY 

( A source of data that has been used to infer trends in ground motion attenuation is observed 
Modified Mercalli Intensity (MMI) data. Kirkham and Rogers (1985; p. 92-96) use MMI 
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observations to conclude that focusing and wave guide effects are a possible explanation for 
elongated trends of MMI parallel to the Front Range. These focusing and wave guide effects may 
be caused by Front Range faulting, shearing, mineralized zones, and igneous dikes, they conclude. 

@ 
Also, Kirkham and Rogers (1986, p. 134) state that the 1882 Colorado earthquake may have 
characteristics similar to the October 18,1984 Laramie Mountains earthquake in Wyoming. They 
cite Oaks et al. (1983, who state that the MMI patterns for the two events are similar. Kirkham and 
Rogers (1986, p. 134) also cite damage in Golden during the 1984 shock, and mention wave path 
and focusing effects that might cause higher-than-expected ground motions in the Front Range area. 

To quantify the possible effect of focusing and wave guide effects along the Front Range, we have 
examined the MMI data from the Laramie Mountains earthquake (see Figure F-29). These data 
were digitized, the distance to the epicenter was computed, and least-squares regression analysis was 
used to examine the attenuation of MMI data. The following form of attenuation equation was 
used: 

I , = C 1 + C , h  A +C,A (F-4) 

where I, is MMI at each site, A is epicentral distance, and the constants are obtained from the 
regression analysis. Three sets of MMI data were used: (a) all data with MMI 2 2; (b) data with 
MMI 2 2 in the "Front Range," defined as latitudes from 38.7" to 42.4"N and longitudes from 104" 
to 105.5"W; (c) all data with MMI 2 2 except "Front Range" data as just defined. Regression 
analysis was performed on each set of data, resulting in the following equations: 

All data: 
( e 

I, = 9.904 - 1.044 h A - 0.00263 A 
-i 

(F-6) ' 

Front Range data: 

(F-7) I, = 10.542 - 1.243 k A - 0.00068 A 

All data except Front Range: 

(F-8) I, = 9.354 - 0.889 h A - 0.00387 A 

The data and equations are plotted on Figure F-30., The Front Range data indicates faster 
attenuation, if anything, than the entire data set (the C, coefficient is more negative for the Front 
Range data). Examination of the standard errors in the coefficients indicates that there is not a 
statistically-signicant difference, implying that attenuation along the Front Range is not different 
from other directions, at least for this earthquake. 

CONCLUSIONS 

@ For the purpose of site response analyses, the Rocky Flats site conditions consist generally of soil- 
like properties to a depth of about 100 feet. The shallow alluvium consists of sands, gravels, silts, 
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and clays (EG&G Rocky Flats, Inc., 1993) with a thickness ranging from about 6 feet to over 20 feet 
(EG&G Rocky Flats, Inc., 1993). Below the alluvium, a weathered friable claystone bedrock is 
encountered. The weathered zone extends to depths of about 100 feet where the claystone reaches 
rock like properties. The claystone bedrock extends to depths exceeding 500 feet. The profile may 
be simply characterized as a three layer system consisting of alluvium, weathered bedrock, and 
bedrock. This profile has the ability to amplify incoming seismic wave energy, from that recorded 
on a solid rock outcrop. There are no strong motion records at Rocky Flats, so estimates of the 
amount of amplification must be based on inference and modeling from other empirical studies and 
from analytical models. 

The empirical model used here extends empirical observations of soil response in California, and 
accounts for the average shear wave velocity observed in the top 30 m of material at Rocky Flats. 
The resulting empiricd soil amplification factors are amplitude-independent, and indicate a 
maximum amplification for frequencies between 1 and 2.5 Hz (a factor of 1.34 to 1.38). The 
specific amplification factors and uncertainties are presented in Table F-1. 

The analytical technique used here employs a stochastic point-source computational model that uses 
the equivalent-linear formulation to treat the non-linear response of horizontally layered soils to 
vertically propagating shear waves. The analysis is done in the frequency domain, using a power 
spectrum representation of the input motion, which can be scaled to represent different amplitudes 
of input. The resulting analytical soil amplification factors are amplitude-dependent, and are shown 
in Table F-3 along with uncertainty factors. The largest amplification occurs at about 4 Hz for very 
low levels of input motion (1 %g), and shifts to lower frequencies at higher amplitudes of motion. 
At 0.3g input motion, for example, the peak amplification (a factor of 1.68) occurs at about 2.5 Hz. 

These soil amplification factors allow rock seismic hazard curves to be translated into hazard curves 
on the soil surface. The two methods indicate consistent results in terms of the frequencies at which 
amplification will occur and the general level of amplification that will occur. Because the 
analytical site-specific soil amplificatjon factors accommodate nonlinear soil response, they are used 
to modify the bedrock seismic hazard results for the effects of the local soils. The empirical results 
are used to check the analytical results for consistency and reasonableness. Table F-6 summarizes 
both the empirical and analytical amplification factors for all frequencies and input motion levels. 
The factors are most consistent at amplitudes of 0.lg to O S g ,  which are the amplitudes generally 
of interest for structural evaluations of seismic safety. At higher amplitudes the analytical procedure 
accounts for soil non-linearity at the higher frequencies, and indicates, in some cases, amplification 
factors less than unity. Figure F-31 compares the empirical, analytical, and average results 
graphically, for 0.1 g and 0.5g input motions. 

For building design or site specific analyses that employ soil structure interaction ( S I )  
investigations or detailed building-specific soil columns, it is recommended that the rock outcrop 
motions be used as control motions. The control point should be taken-at a depth of about 100 feet 
with a bedrock velocity of 2000 ft/sec (610 dsec )  and the base case profile used (Figure F-4). If 
a local building specific profile is used, it should extend to a depth where the material has a velocity 
of about 2000 ft/sec (610 dsec).  For profiles which do not extend to a sufficient depth, they may 
be merged to the base case profile. The rock motions (both horizontal and vertical) should be 
propagated to the surface using an appropriate computational scheme that can accommodate both 
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horizontal and vertical motions. This approach reflects state-of-practice site specific analyses and 
is the only approach available. 

For a generic analysis of structures at the soil surface, the soil motions (both horizontal and vertical) 
presented in this report may be used. These represent the effects of soil for the base case profile 
(Figure F-4) and represent an average conversion of horizontal to vertical motions. Therefore, these 
motions are appropriate for a generic analysis. 

# 

Two techniques were used to examine possible amplification along the Front Range caused by 
geometry of the bedrock geology, wave guide, and/or focusing effects. Analytically, a two- 
dimensional model of the bedrock geometry was developed and u'sed to calculate spectra of rock 
surface motions and to compare these to one-dimensional analysis results. These calculations were 
repeated for faults both west and east of the Rocky Flats Plant, and for a range of incidence angles. 
The overall results, averaged over source geometry, source depth, and incidence angle indicate no 
amplification at frequencies above 1 Hz. Empirically, the MMI pattern from the 1984 Laramie 
Mountains earthquake was examined; a least-squares regression analysis indicated that MMI values 
in the Front Range do not attenuate more slowly than all data taken as a whole. Thus we conclude 
both from analysis and empirical data studies that general amplification of ground motion in the 
Front Range due to geometrical wave pdpagation effects is not a significant factor in seismic hazard 
at Rocky Flats. To the extent that amplification or de-amplification %cur because of bedrock 
geometry, they are in a general sense included in, and accounted for, by randomness and uncertainty 
already modeled in the attenuation equations. 

EGGRF/REPORT/APPENDIX.D F-15 Risk Engineering, Inc. 



9217-COO-204, Rev. 0 

REFERENCES 

Bard, P.Y. and J. Gariel (1986). "The seismic response of two-dimensional sedimentary deposits 
with large vertical velocity gradients," Bull. Seisrn. SOC. Am., 76, 343-366. 

Blackhawk (1993). "Shear wave velocity investigation Rocky Flats Plant, Golden, Colorado," 
Coleman Energy and Environmental S ystems--B lackhawk Geosciences Division Report to 
EG&G Rocky Flats, Inc., Golden, Colorado, Subcontract No. ASC-340290ST4. 

Blackhawk (1994). "Shear wave velocity investigation Rocky Flats Plant, Golden, Colorado," 
Coleman Energy and Environmental S ystems--Blackhawk Geosciences Division Report to 
EG&G Rocky Flats, Inc., Golden, Colorado, Subcontract No. ASC-340290ST4. 

Boore, D.M. (1983). "Stochastic simulation of high-frequency ground motions based on 
seismological models of the radiated spectra," Bull. Seism. SOC. Am., 73(6), 1865-1 894. 

Boore, D.M., W.B. Joyner and T.E. Fumal (1993). "Estimation of Response Spectra and Peak 
Accelerations From Western North American Earthquakes: An Interim Report," US 
Geological Survey Open-File Report 93-509. 

Boore, D.M., W.B. Joyner and T.E. Fumal (1994). "Estimation of Response Spectra and Peak 
Accelerations From Western North American Earthquakes: An Interim Report, Part 2," US 

Campbell, K.W. (1993). "Empirical Prediction of Near-Source Ground Motion From Large 
Earthquakes, in Proceedings, International Workshop on Earthquake Hazard and Large 
Dams in the Himalayas, The Indian National Trust for Art and Cultural Heritage (INTACH), 
New Delhi (in press). 

Ebasco (1991). 'Task 3, Shallow, High-Resolution Seismic Reflection Profiling in Operable Unit 
2 (903 Pad, East Trenches, and Mound) at the Rocky Flats Plant, Final Report," report 
prepared for EG&G Rocky Flats and U.S. DOE. 

EG&G Rocky Flats, Inc. (1993). "Well abandonment and replacement program," EG&G Rocky 
Flats, Inc. Golden, Colorado, Final Report 

Electric Power Research Institute (1 993). "Guidelines for determining design basis ground 
motions," Palo Alto, California, Electric Power Research Institute, vol. 1 , EPRI TR- 102293. 

Haskell, N.A. (1960). "Crustal reflection of plane SH waves," J.  Geophys. Res., 65:4147- 
4 150. 

Iwan, W.D. (1967). "On a class of models for the yielding behavior of continuous and composite 
systems," J. Appl. Mech., 34:612-617. 

Joyner, W.B. and T.E. Fumal (1984). "Use of measured shear-wave velocity for predicting 
geologic site effects on strong ground motion," Proceedings, Eighth World Conf. on 
Earthquake Engin., San Francisco, 2:777-783. 

Joyner, W.B. and D.M. Boore (1988). "Measurement, Characterization, and Prediction of Strong 
Ground Motion," in Proceedings, Conference on Earthquake Engineering and Soil 
Dynamics II--Recent Advances in Ground-Motion Evaluation, J.L. Von Thun, ed., 
American Society of Civil Engineers, Park City, Utah, Geotechnical Special Publication No. 

Kawase, H. and K. Aki (1989). "A study on the response of a soft basin for incident S,  P,  and 
Rayleigh waves with special reference to the long duration observed in Mexico City," Bull. 
Seism. SOC. Am., 79(5), 1361-1382. 

King, J.L. and B.E. Tucker (1984). "Observed variations of earthquake motion across a sediment- 
filled valley," Bull. Seism. SOC. Am., 74, 137-151. 

Geological Survey Open-File Report 94- 127. \ 

20, p. 43-102. 

EGGRF/REFORTIAPPENDDLFJ F- 16 Risk Engineering, Inc. 



9217-COO-204, Rev. 0 

Kirkham, R.M. and W.P. Rogers (1985). Colorado Earthquake Data and Interpretations: 1867 
to 1985, Colorado Geological Survey, Bulletin 46. 

Kirkham, R.M. and W.P. Rogers (1986). "An Interpretation of the November 7, 1882 Colorado 
Earthquake," Conm'buions to Colorado Seismiciry and Tectonics--A 1986 Update, Colorado 
Geological Survey, Special Publication 28, p. 125-134. 

Mohraz, B. (1976). "A study of earthquake response spectra for different geological conditions," 
Bull. Seism. SOC. Am., 66(3):915-935. 

Oaks, S.D., M.G. Hopper, L.M. Barnhard and S.T. Algermissen (1985). "November 7, 1882, 
Colorado Earthquake Reinterpreted in Light of the October 18, 1984, Wyoming 
Earthquake," Earthquake Notes, Vol. 55, p. 24. 

Prodehl, C. and P.W. Lypman (1989). Chapter 14, Crustal Structure of the Rocky Mountain 
Region, in Geophysical Framework of the Continental United States, L.C. Paskisir and W.D. 
Mooney, Editors, Geol. S o c .  Am. Memoir 172. 

Sadigh, IC, J. Egan and R Youngs (1986). "Specification of Ground Motion for Seismic Design of 
Long Period Structures," Earthquake Notes, Vol. 57, p. 13 (as published in Joyner and 
Boore, 1988). 

Schnabel, P.B., J. Lysmer and H.B. Seed (1972). "SHAKE: A computer program for earthquake 
response analysis of horizontally layered sites," Earthquake Engin. Res. Center, Univ. of 
Calif. at Berkeley, UBCEERC 72-12. 

Schneider, J.F., W.J. Silva, and C.L. Stark (1993). "Ground motion model for the 1989 M 6.9 
Lorna Prieta earthquake including effects of source, path and site," Earthquake Specnu, 

@ Schuster, G., H. Benz, M. Murphy, J. Hill, C. Sikorski and C.-W. Tsay (1990). "Prediction of 
seismic ground amplification by forward modeling techniques," Geotech. Environmental ( Geophysics, Stanley H. Ward, ed., 3:l-21. 

Seed, H.B. and I.M. Idriss (1970). "Soil moduli and damping factors for dynamic response 
analyses," Earthquake Engin. Res. Center, Univ. of Calif. at Berkeley, UBC/EERC 70-10. 

Seed, H-B., C. Ugas and J. Lysmer (1976). "Site-dependent spectra for earthquake-resistant design," 
Bull. Seism. SOC. Am., 66:221-243. 

Silva, W.J. (1976). "Body waves in a layered anelastic solid," Bull. Seis. SOC. Am., 66(5):1539- 
1554. 

Silva, W.J. (1991). "Global characteristics and site geometry," Proceedings: NSFIEPRI Workshop 
on Dynamic Soil Propemks and Site Characterization, Electric Power Res. Inst., EPRI NP- 
7337. 

shapes for rock sites with applications to North American tectonic environment," 
Earthquake Spectra, 5(3), 591-624. 

Tucker, B.E. and J.L. King (1984). "Dependence of sediment-filled valley response on the input 
amplitude and the valley properties," Bull. Seism. SOC. Am., 74, 153-165. 

Vidale, J.E. and D.V. Helmberger (1988). "Elastic finite-difference modeling of the 1971 San 
Fernando, California earthquake," Bull. Seism. SOC. Am., 78( I), 122-141. 

0 

9(2), 25 1-287. 

Silva, W.J. and R.K. Green (1989). "Magnitude and distance scaling of response spectral' 

EGGRFiREIQRTIAPPENDIXD ' F-17 Risk Engineering, Inc. 



Frequency 

(W 
0.5 

1 

2.5 

5 

10 

25 

PGA 

9217-COO-204, Rev. 0 

TABLE F-1 

EMPIRICAL AMPLIFICATION FACTORS 

b"(0 

-0.655 

-0.698 

-0.487 

-0.292 

-0.2 12 

-0.37 1 

-0.37 1 

VB(0 

469.0 

5 15.5 

592.4 

492.9 

726.7 

5 12.2 

,512.2 

VB(0 

(ftlsec) 

1539 

1691 

1944 

1617 

2348 

1680 

1680 

Amplification Factors 

Median Median-a,,, Median+o,, 

1.27 1.02 1.59 

1.38 1.1 1 1.72 

1.34 1.08 1.67 

1.26 1.01 1.57 

1.19 0.95 1.48 

1.18 0.95 1.48 

1.18 0.95 1.48 
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TABLE F-2 

MAGNITUDES (M) AND DISTANCES USED 
IN OUTCROP MOTIONS 

A(g) fn*(Hz) V**(cm/sec) fn*(Hz) V/A(cm/sec/g ) M R(km) 
I 0.01 4.3 1 1.02 1.35 102.00 6.0 155.75 
I 

5.47 4.10 1.58 82.00 6.0 58.19 

7.8 1 1.66 78.10 6.0 31.81 

15.18 1.70 75.90 6.0 16.77 

0.05 

0.10 5.87 

0.20 6.13 

I I 

~ 

~ 

0.30 

0.40 

0.50 

0.75 

1 .oo 

6.22 22.53 1.72 75.10 6.0 1 1.40 
6.00 37.84 1.36 94.60 6.5 12.52 
5.87 57.67 1.11 115.34 7.0 14.31 
5.95 85.64 1.13 114.19 7.0 9.69 
5.89 132.10 0.98 i32.10 7.5 10.27 

Predominant frequencies associated with peak acceleration and peak particle velocity 
estimated by random process theory. 

V** Peak Velocity 

Outcrop motions are computed using a source region shear-wave velocity and density of 3.87 
Wsec and 2.81 cgs, a stress drop of 120 bars, a kappa value of 0.04 sec, and a Q(9 = 670 p.33. 

\ 

> 
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Frequencies 
(HZ)  

0.5 

1 .o 

TABLEF-3 . 

Amplification Factors (Rock Outcrop)' 
(n) 

1.03 0.04 0.01 

1 .os 0.06 0.10 
1.07 0.09 0.20 
1.09 0.13 0.30 
1.12 0.17 0.40 
1.12 0.15 0.50 

'1.18 0.13 1 .oo 
1.10 0.10 0.01 
1.13 0.14 0.05 
1.16 0.19 0.10 
1.22 0.22 0.20 
1.26 0.21 0.30 
1.29 0.23 0.40 
1.33 0.23 0.50 
1.49 0.30 0.75 

Median Sigma' 

1.04 0.04 0.05 

1.17 0.17 0.75 

1.54 0.28 1 .oo 

MEDIAN AMPLIFICATION FACTORS AND STANDARD DEVIATIONS 
COMPUTED FOR 5% DAMPED RESPONSE SPECTRA, PEAK ACCELERATION, 

AND PEAK VELOCITY 

1.61 
1.66 
1.70 
1.73 
1.68 ' 

1.58 
1.51 
1.17 
1.05 

0.35 0.01 
0.35 8 0.05 
0.35 0.10 
0.33 0.20 
0.3 1 0.30 
0.32 0.40 
0.33 0.50 
0.3 1 0.75 
0.3 1 1-00 

2.5 
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TABLE F-3 (CONT.) 

MEDIAN AMPLIFICATION FACTORS AND STANDARD DEVIATIONS 
COMPUTED FOR 5% DAMPED RESPONSE SPECTRA, PEAK ACCELERATION, 

AND PEAK VELOCITY 

Medim 

1.71 
1.66 
1.59 
1.45 
1.30 
1.14 
1.07 
0.82 

5.0 

Frequencies I Amplification Factors I (Rock Outcrop)' 

Sigma2 

0.20 0.01 
0.19 0.05 
0.17 0.10 
0.20 0.20 
0.27 0.30 
0.36 0.40 
0.37 0.50 
0.4 1 0.75 

10.0 

1.52 0.20 0.01 
1.42 0.16 0.05 
1.33 0.15 0.10 
1.16 0.21 0.20 
1.01 0.29 0.30 
0.90 0.34 0.40 
0.84 0.33 0.50 
0.65 0.38 0.75 

f 

.25.0 

1.54 
1.47 
1.40 
1.26 
1.15 
1.08 
1.04 
0.88 
0.83 

0.23 0.01 
0.19 0.05 
0.17 0.10 
0.16 0.20 
0.19 0.30 
0.21 0.40 
0.20 0.50 
0.21 0.75 
0.20 1 .oo 
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/- 

PGA 

TABLE F-3 (CONT.) 

Median Sigma' 

1.55 0.24 0.01 
1.54 0.2 1 0.05 
1 S O  0.19 0.10 
1.42 0.17 0.20 
1.33 0.19 0.30 
1.24 0.20 0.40 
1.20 0.19 0.50 
1.03 0.19 0.75 
0.98 0.18 1 .oo 
1.21 0.15 0.01 
1.28 0.17 0.05 

i -  

MEDIAN AMPLIFICATION FACTORS AND STANDARD DEVIATIONS 
COMPUTED FOR 5% DAMPED RESPONSE SPECTRA, PEAK ACCELERATION, 

AND PEAK VELOCITY 

1.30 
1.32 

I Amplification Factors I (Rock Outcrop)' 

0.17 0.10 
0.17 0.20 

1.33 
1.25 . PGV 

0.16 0.30 
0.12 0.40 

1.20 
1.19 
1.15 

0.10 0.50 
0.10 . 0.75 
0.07 1 .oo 

'For levels of control motion between those shown, linear interpolation may be used to 
determine the appropriate amplification factors. 
Sigma (In) 2 

J 
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r 

Front Range 

TABLE F-4 

SUMMARY OF INCIDENCE ANGLES 

30 5 73 

Fault Dip (deg.) 

'Source depth fixed, epicentral distance varied 

Source Depth (km) Incidence Angle (deg.) 
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TABLE F-5 

SUMMARY OF VELOCITIES 

‘i 

Case Sedimentary Rock Crystalline Basement 
I W s e c  (fdsec) W s e c  (ft/sec) 

1 2.05 (6720) 3.58 ( 1  1,700) 

2 1.64 (5380) 3.58 (1 1,700) 

3 2.46 (5860) 3.58 (1  1,700) 

4 2.05 (6720) 2.86 (9,380) 
5 2.05 (6720) 4.30 (14,100) 
6 1.64 (5380) 4.30 (14,100) 

7 2.46 (5860) 2.86 (9,380) 

median 2.05 (6720) 3.50 ( 1  1,500) 

upper range 2.46 (5860) 4.30 (14,100) 
lower range 1.64 (5380) 2.86 (9,380) 
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TABLE F-6 

SUMMARY OF EMPIRICAL AND ANALYTICAL 
AMPLIFICATION FACTORS 

FREQUENCY 
(Hz) 

0.5 

I e 
7 1 .o 

2.5 

ROCK 
OUTCROP (g) 

0.01 
0.05 
0.10 
0.20 
0.30 
0.40 
0.50 
0.75 
1 .oo 
0.0 1 
0.05 
0.10 
0.20 
0.30 
0.40 
0.50 
0.75 
1 .oo 
0.01 
0.05 
0.10 
0.20 
0.30 
0.40 
0.50 
0.75 
1 .oo 

~~ 

AMPLIFICATION FACTOR 

EMPIRICAL 

~~ 

1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 

1.38 
1.38 
1.38 
1.38 
1.38 
1.38 
1.38 
1.38 
1.38 

1.34 
1.34 
1.34 
1.34 
1.34 
1.34 
1.34 
1.34 
1.34 

ANALYTICAL 

1.03 
1.04 
1.05 
1.07 
1.09 
1.12 
1.12 
1.17 
1.18 

1.10 
1.13 
1.16 
1.22 
1.26 
1.29 
1.33 
1.49 
1.54 

1.61 
1.66 
1.70 
1.73 
1.68 
1.58 
1.51 
1.17 
1.05 
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FREQUENCY 
(Hz) 

5.0 

10.0 

25 

PGA 

ROCK 
OUTCROP (8) 

0.01 
0.05 
0.10 
0.20 
0.30 
0.40 
0.50 
0.75 
1 .oo 
0.0 1 
0.05 
0.10 
0.20 
0.30 
0.40 
0.50 
0.75 
1.00 

0.01 
0.05 
0.10 
0.20 
0.30 
0.40 
0.50 
0.75 
1 .oo 
0.01 
0.05 
0.10 
0.20 
0.30 
0.40 
0.50 
0.75 

AMPLIFICATION FACTOR 

EMPIRICAL 

1.26 
1.26 
1.26 
1.26 
1.26 
1.26 
1.26 
1.26 
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where downhole velocities were obtained (Blackhawk, 1994). 
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for plotting. 
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Figure F-8. Example of randomized modulus reduction and damping curves (10) taken from the 
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Figure F-24. Fourier amplitude spectral ratio for western sources (Front Range Fault) averaged over 
the seven sites (Figure F-22) and nine incidence angles (Table F-4). The ratio has been smoothed 
with a 0.5 Hz triangular window. 
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0 Figure F-26. Fourier amplitude spectral ratio for western sources (Front Range Fault) averaged over 
the seven sites (Figure F-22), nine incidence angles (Table F-4), and seven crustal velocity cases 
(Table F-5). The ratio has been smoothed with ~ 0 . 5  Hz triangular window. 
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(Table F-5). The ratio has been smoothed with a 0.5 Hz triangular window. 
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a Figure F-28. Fourier amplitude spectral ratio for western and eastern sources (Front Range and 
Derby Faults) averaged over the seven sites (Figure F-22), incidence angles (Table F-4), and seven 
crustal velocity cases. The ratio has been smoothed with a 0.5 Hz triangular window. 
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Figure F-29. Isoseismal map for the 1984 Laramie Mountains, Wyoming earthquake (from Kirkham and Rogers, 1986). 
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Figure F-30. MMI data from Laramie Mountains earthquake, and equations f i t  to sets of data. 
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APPENDIX G 

SOIL LIQUEFACTION POTENTIAL 

by 

Geomatrix Consultants, Inc. 
San Francisco, California 

INTRODUCTION 

This Appendix describes work undertaken to investigate the possibility of earthquake-induced soil 
liquefaction within the maximum security area at the Rocky Flats Plant (FWP). This work was 
conducted and reported by Geomatrix Consultants, Inc. 

A prior study (Blume, 1974) at Rocky Flats Plant site area concluded that "For this site, liquefaction 
is not a problem because of the absence of loose sands of any kind beneath this Plutonium Facility." 
Other studies performed at Rocky Flats Plant have come to similar conclusions (TE-RA, 1976; 
Wassenaar, 1987). The purpose of this study is to review available subsurface and site geologic 
information, including previous reports containing foundation, geologic, seismic, geotechnical, or 
other subsurface information at the Rocky Flats Plant site area in order to fully disclose the potential 
for liquefaction, if any, and the likely extent of any area involved. 

SUMMARY OF SITE GEOLOGY 

The Rocky Flats Plant site is located on the western edge of the Colorado Piedmont section of the 
Great Plains Physiographic Province (Hunt, 1974). The Colorado Piedmont lies adjacent to the 
southern Rocky Mountains and is drained by the South Platte and Arkansas rivers. Tertiary bedrock 
has been stripped from much of this region and the section is eroded below the High Plains by as 
much as 450 meters (Osterkamp and others, 1987). The plant site sits on a geomorphic surface 
comprised of a gravel-capped pediment surface (Rocky Flats alluvial surface) that is adjacent to the 
base of the Colorado Front Range. Erosional remnants of the Rocky Flats surface slope gently east 
towards the central Denver Basin. It is dissected along its eastern edge by the heads of several small 
intermittent (seasonal) streams. 

The gravel that caps the pediment surface was deposited in the very early Pleistocene (1 to 2.5 
million years ago) and is identified as the Rocky Flats Alluvium (Blume, 1974; Ebasco, 1992). It 
consists predominantly of bouldery and cobbly; silty, clayey, and sandy gravel. The gravel is 
predominantly quartzite, containing sizeable percentages of schist, gneiss, and granite. The Rocky 
Flats Alluvium ranges in thickness from less than 1 foot to over 100 feet to the west of the site, 
averaging about 10 feet, across the width of the Rocky Flats Plant. The bedrock surface has a relief 
of about 50 feet. Details of the material characteristics of Rocky Flats Alluvium are provided (see 
page G-3, Subsurface Site Conditions). 
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The underlying bedrock consists of Cretaceous-age (65 to 135 million years ago) sedimentary strata, 
including, in descending order, the Arapahoe Formation, the Laramie Formation, the Fox Hill 
Sandstone, and the Pierre Shale. These sedimentary formations dip to the east at angles ranging 
from about 76 degrees west of the Rocky Flats alluvial surface to less than 5 degrees east of the 
surface. In the plant site area, bedrock dips about 1 to 5 degrees to the east, on average. Locally, 
dips may be steeper (e.g., 10 to 20 degrees). 

The Arapahoe Formation, which immediately underlies the Rocky Flats Alluvium at the Rocky Flats 
Plant, is approximately 0 to 120 feet thick and consists of claystone with interbedded sandstone and 
siltstone. Underlying the Arapahoe Formation is the Laramie Formation, which is approximately 
600 to 800 feet thick. The upper several hundred feet of the Laramie is composed chiefly of clay 
shale, sandy shale, and claystone containing some lenticular beds of sandstone, while the lower 
couple of hundred feet is sandstone separated by thin beds of shale, clay, and coal. Underlying the 
Laramie is the Fox Hills Sandstone, which is estimated to be about 100 feet thick under the Rocky 
Hats Plant. Underlying the Fox Hills Sandstone is the Pierre Shale, which is about 8000 feet thick. 
A more detailed discussion of site geology may be found in Ebasco (1992). 

METHODOLOGY AND SCOPE OF GEOTECHNICAL DATA REVIEW 

To evaluate the liquefaction potential of the alluvial deposits within the maximum security area at 
the Rocky Flats Plant site area, a review was performed of geotechnical information for sites within 
the north plant site area and in the near vicinity. Since 1951 and the inception of the Rocky Flats 
Plant, there have been numerous investigations and test holes to aid in the design and construction 
of site facilities. Although not every geotechnical report at the plant site was reviewed, a review 
of reports relevant to the assessed plant area provided adequate data on which to base our analyses 
and conclusions. Geotechnical reports for sites within and surrounding the maximum security area 
were examined and reports with boring information which were believed to have material property 
data representative of subsurface conditions were selected for incorporation into our evaluations. 

Our review included 22 soil investigation reports for individual buildings, utilities, roads, parking 
lots, holding ponds, storage tanks, or other conventional surface facility structures; six geophysical 
data/seismic line reports; four seismic r i s k / h d ,  seismic design criteria, and geologic investigation 
reports; and one ground water monitoring report. Various maps and aerial photographs were also 
reviewed. The documents reviewed are listed in the references. Individual soil investigation reports 
contained logs of brings and test pits for as few as one or two subsurface locations to more than 
60 locations. It should be noted that because the plant site area is relatively flat and located in 
comktent material for relatively shallow lightly-loaded foundations, exploration generally was done 
using hollow-stem augers (continuous flight augers). Sampling generally was performed by the 
standard split-spoon or thin brass liner method. Penetration resistance measured when a 140-pound 
hammer is dropped a distance of 30 inches on a 2-inch diameter sampler is designated as a Standard 
Penetration Test (SPT). Undisturbed sampling was difficult to perform in the gravelly materials, 
where standard penetration tests generally indicated competent dense or hard materials. 
Consequently, testing of samples usually consisted of index property tests, such as gradation tests 
on the granular materials, and unit weight, plasticity tests (Atterberg limits), and occasional 
unconfined tests on more cohesive samples. A tabulation of data collected listing the boring . 

number, reference, blow count elevation or depth, depth to ground water, the soil type according 
to the Unified Soil Classification System, fines content, and blow count is provided at the end of 
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this document (Table G-1). The locations of 150 borings used in this study are shown in Plate G-1. @ The borings are randomly located throughout the study area and should be representative of 
subsurface materials. 

0 

SUBSURFACE SITE CONDITIONS 

Based on our review of previous investigations for the plant, the logs of borings and laboratory tests 
revealed the following about the general subsurface conditions at the Rocky Flats Plant site area. 

0 Three unitdformations were encountered in the shallow brings drilled at the site: (1) 
compacted and uncompacted fill consisting of random fill derived from bedrock and alluvial 
materials; (2) alluvial materials consisting primarily of clayey sands and gravels, and gravelly 
sandy clays; (3) bedrock of the Arapahoe formation consisting primarily of claystone with 
interbeds of siltstone and sandstone. 

0 The alluvial (Rocky Flats Alluvium) soils, which are of primary concern for the liquefaction 
assessment, consist of interbedded and lenticular layers of silty, sandy, and 'gravelly clay; 
clayey, silty, and gravelly sand; and clayey, silty, and sandy gravel. However, sandy and 
gravelly clay and well-graded bouldery and cobbly, silty, clayey, and sandy gravel 
predominate these deposits. Typically, the sandy gravels and gravelly sands with clays are 
well-graded and consist of 25 to 40% gravels, 40 to 50% sand, and 20 to 30% clays (ATEC, 
1987; Chen, 1972). (It should be noted that size of the soil sampler limits the maximum 
particle size of the sample obtained. Samples are typically finer grained materials.) The 
Rocky Flats Alluvium is generally medium dense to very dense. The thickness of the 
alluvium in the plant site area ranges from 0 to 30 feet, averaging about 10 feet. 

.. 
In particular, methodical review of the blowcount data (penetration resistance) and laboratory test 
data revealed the following. 

Ofthe 22 soils investigation reports reviewed, 18 had boring log data with information on the 
penetration resistance of the overlying Rocky Flats Alluvium. Each report reviewed had one 
boring to tens of brings within or surrounding the Rocky Flats Plant site. Nine of the 18 
reports were for facilities within the area of interest; the other half of the-reports were for 
facilities relevant to the-site but outside or surrounding the area of interest. 

A total of 150 boring logs (Plate G-1) had penetration values in the alluvial deposits; 91 of 
the borings were within the area of interest and 59 were in the surrounding area.' The boring 
logs contained penetration values (blows/foot) for 189 sampling locations within the area of 
interest and 138 locations in the surrounding area, or a total of 327 penetration values within 
the alluvial deposits (refer to Table G-1). All of the borings were generally shallow (less than 
15 feet) and were performed using a hollow stem auger or continuous flight auger. 
Penetration sampling was generally performed using a 140-pound weight falling a distance 
of 30 inches. Standard split-spoon and brass liner samplers were generally used, although the 
sampling method was not always specifically indicated in the boring logs. Blowcount data 
(blows/foot) were reported for the last 12 inches ofpenetration, but often the number of blows 
were reported for lesser amounts of penemtion when experiencing refusal during drilling (for 
example, per 3,6, or 9 inches of penetration for up to 50 blows). 
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Ofthe 150 borings reviewed for penetration test measurements, 75 borings reported water in 
the holes. Water levels were generally taken during drilling and occasionally measurements 
were taken several days to a week after drilling. Although the borings were drilled at various 
times of the year, the depths to observed ground water (in general) ranged between 3 and 25 
feet. Average levels are between 5 and 10 feet deep. WCC (1986) in their investigation of 
Buildings 707,779,776, and 777, note: ”Free water was found in 5 of the 10 holes at depths 
,of between 7 and 15 feet [for drilling performed between November 10 to 14, 19861. We 
have no data on ground water level fluctuations at the site, but our experience in the Rocky 
Flats area indicates that in wetter seasons and wetter years, a ground water level rise to just 
below the existing ground surface can occur.’’ 

Of the 327 penetration resistance measurements taken, approximately 105 samples were in 
generally clayey materials (Unified Soil Classification System = CL), 91 samples were in 
generally sandy materials (SC/SM); 91 samples were in generally gravelly materials 
(GUGM), 34 samples were from fill constructed from bedrock or gravelly clay materials, and 
5 samples were not clearly classified. The majority of the sandy materials that were sampled 
and tested were found to be well-graded and clayey and gravelly in nature (e.g., clayey sand 
with gravel). Likewise the majority of clayey materials tend to be stiff to very stiff and 
gravelly in nature (e.g., sandy clay with gravel). The gravels tend to be well-graded and 
clayey as well ( e g ,  clayey gravel with sand). 

Blowcounts within the clayey materials ranged from 4 to more than 50 blows/foot, averaging 
28 _+ 14 blows/foot. This average blow count and the standard deviation are conservative and 
were calculated assuming a value of 50 (refusal was noted when the actual blows/fwt was 
equal to or exceeded 50). In clayey materials, refusal is often defined as penetration values 
greater than 30. In the clayey material, 39 of 105 blowcounts measured were greater than 30, 
and 21 of 105 blowcounts were greater than 50. 

( 

Blowcounts within the sandy materials ranged from 4 to more than 50, averaging 38 14 
blows/foot. As in the case of the clayey materials, this average and standard deviation are 
conservative and were Calculated assuming a value of 50 when the actual blows/foot exceeded 
50. Of the 91 blowcounts in sandy material, 42 (or 46%) had blowcounts that are interpreted 
as meeting refusal (i.e., N > 50 blows/foot). 

Blowcounts within the gravelly material ranged from 3 to more than 50 blows/foot and 
averaging 41 f 13 blows/foot. These average and standard deviations are conservative and 
were calculated assuming a value of 50 when the actual blows/foot usually exceeded 50. In 
these materials, 55 of 91 blowcounts were greater than 50. 

Blowcounts within the cohesive fill ranged from 3 to more than 50, averaging 14 k 1 1. Only 
2 of the 34 blowcounts in fill met refusal. 

A summary of the penetration results on samples from the alluvium and fill materials is presented 
in Table G-2. 

I 0 Based on the measured penetration test values summarized above and relationships by Terzaghi and 
Peck (1967) for soil consistency versus blowcount, it can be concluded that the clayey materials are 
generally very st i f f ;  the sandy materials are generally medium-dense to very dense; the gravelly 

I 

UiGRF/REPORT/APPENDDGS G-4 



9217-COO-204, Rev. 0 

materials are generally medium dense’to very dense; and the fi l l  (usually cohesive), range from soft 
to hard, but on the average is stiff. There are very few isolated pockets of loose sand and gravel as 
shown on Plate G-1. These pockets occur at random locations and depths and do not appear to 
represent an identifiable deposit or layer. 

The discussion on ground water above is based on investigations that were performed prior to 
construction of additional buildings, storm drains, and regrading work, as well as an ongoing 
extensive ground water monitoring and treatment program in the RFP Site area. Based on a review 
of the Ground Water Protection and Monitoring Program Plan report (EG&G, 1991). ground water 
in the alluvium is variable, although it generally becomes shallower from west to east as the alluvial 
material thins. Seeps are common at the base of the Rocky Flats Alluvium at the contact with 
claystones, in stream drainages. The report indicates that much of the ground water within the 
alluvial unit becomes surface water or evaporates where it discharges from seeps along slopes and 
in drainage valleys. Based on the above discussion, ground water in the Rocky Flats Plant site area 
is generally found at depths of 5 to 10 feet and is perched within the varied and individual layers 
of more pervious sands or gravels above clay layers or the claystone bedrock. A map showing the 
ground water elevation contours within the Rocky Flats Plant site is shown in Figure G-1. The 
ground water contours shown in Figure G-1 were used as a basis for selecting a conservative ground 
water depth of 5 feet for the liquefaction analyses. 

ASSESSMENT OF POTENTIAL FOR LIQUEFACTION 

During an earthquake event, ground shaking can generate pore water pressures in a saturated soil 
deposit, thus reducing its intergranular stress. In saturated sands, this reduction in intergranular 
stress may result in significant loss of shear strength. If the intergranular stress and strength of the 
soil are significantly reduced compared to pre-earthquake static conditions, then soil becomes 
liquefied. The degree of pore water pressure buildup and subsequent loss of strength in the material 
depends on both the density of the soil and the level and duration of shaking at the site. 
Liquefaction is defined as the temporary loss of strength in saturated cohesionless soils due to 
repeated or cyclic loading. The assessment of the potential for liquefaction commonly utilizes three 
techniques: (1) mappingidentifying liquefaction susceptibility based on geologic criteria; (2) 
estimating liquefaction susceptibility based on simple geotechnical criteria; and (3) determining 
liquefaction susceptibility based on empirical correlations using in-situ evaluations of penetration 
resistance. 

Each of these techniques was used to evaluate the liquefaction potential of the alluvial deposits at 
the Rocky Flats Plant site. Each method is described briefly in the following sections. Conclusions 
regarding the liquefaction potential of the site soils also are presented. 

Evaluation Based on Geologic Criteria 

Mapping liquefaction susceptibility based on geologic criteria basically involves superposition of 
three steps: (1) mapping surface geologic deposits based on age and their susceptibility to 
liquefaction; (2) mapping the depth to ground water, and (3) mapping results of ground motion 
hazards studies. From these maps the susceptibility of liquefaction can be classified as very low, 
low, moderate, or high, based on criteria determined from observed performances during previous 
earthquakes (National Research Council, 1985). Liquefaction susceptibility maps are not a 

. .  
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substitute for site specific evaluations of liquefaction hazards, but they do indicate areas where site- 
specific evaluations niay be desirable. 

The National Research Council (1985), after the study by Youd and Perkins (1978) on liquefaction 
susceptibility in the San Fernando Valley, California, indicated: "Deposits older than late 
Pleistocene [lO,OOO to 130,000 years ago] are assumed to be not susceptible to liquefaction on the 
basis of experience during actual earthquakes." Youd and Perkins (1978) concluded that late 
Pleistocene deposits with depth to ground water from 0 to 10 feet have a "low" susceptibility to 
liquefaction, and that late Pleistocene deposits with depth to ground water from 10 to 30 feet have 
a 'hil" susceptibility to liquefaction. Therefore, based on the age of the Rocky Flats Alluvium (1 
to 2.5 million years old), the 0 to 10 feet depth of ground water at the site, and the conclusions of 
the National Research Council (1983, the liquefaction susceptibility of the site soils is negligible 
based on simple geologic criteria only. 

Based on Simple Geotechnical Criteria 

A simple geotechnical method to estimate liquefaction susceptibility at a site is based on the 
gradation (or grain size characteristics) of the soils. In general, only cohesionless soils are 
susceptible to liquefaction; while clays and gravels are not. Example gradation curves of soils 
which have liquefied in past earthquakes are shown in Figure G-2. Clean sands are the most 
susceptible to liquefaction. The presence of fines, particularly plastic fines, makes it more difficult 
for sand particles to come free of each other and seek denser arrangements during earthquake 
shaking (NRC, 1985). However, nonplastic fines may not have as much of this restraining effect, 
-so silts and silty sands are more susceptible to liquefaction than soils having plastic fines. Seed and 
Idriss (1982) reported that the great majority of clayey soils will not liquefy during earthquakes. 
They also noted that certain types of clayey materials (with percent finer than 0.005 mm ~ 1 5 % ;  
Liquid Limit <35; and water content >90% of Liquid Limit) may be vulnerable to strength loss 
during earthquakes. None of the stiff to very stiff clays encountered at the site, however, have 
characteristics similar to those described above. 

In addition to the presence of fines, the rate at which excess pore pressures can be dissipated during 
and after strong earthquake shaking is important. Seed et al. (1976) showed that soils with D, > 
0.7 mm are not subject to liquefaction provided there are no strata of low-permeability material 
present to inhibit drainage. For gravelly soils, it is important to consider the relative density of the 
soils. In recent years, a number of cases in which earthquake-induced liquefaction of gravelly 
deposits has been described in the literature (Andrus and Youd, 1989, 1987; Harder, 1988; Hynes- 
Griffin, 1988; Youd et al., 1978). However, Valera and Kaneshiro (1991), after a review of all the 
suspected cases involving liquefaction of gravelly soils, found that one or more of the following 
conditions were observed. 

All gravel deposits were loose to very loose. In the best-documented case where SPT or 
equivalent SPT were measured in the gravelly deposits which liquefied, values ranged from 
I to 15 blows perfoot. 

In the clean gravel deposits, the quantity of sand filling the vo ih  was insufficient to fill the 
voidr between contacting gravel pamcles, allowing the larger particles to contact each other 
in a "clast-supported structure." 
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In the siltylsandy gravel deposits the larger gravel particles were simply floating without 
direct contact with each other in a silty sand matrix. Thus, liquefaction behavior was 
controlled by the fine matrix and not by the gravel particles. 

Based on review of the borings, laboratory tests, and soil descriptions from the borings drilled into 
the alluvium in the plant site area, about one-third of the materials are sandy, while the remaining 
materials are predominantly stiff clays and dense gravels not subject to liquefaction. Of the sandy 
materials, there appears to be few deposits of clean sands, the sands that are present are often clayey 
or gravelly and are dense. Based on gradation characteristics alone and a simple overview of the 
geotechnical data, one would conclude that the susceptibility to liquefaction is negligible. 

Evaluations Based on Correlations to Standard Penetration Resistance 

The potential for liquefaction of saturated cohesionless soil strata may be examined using simplified 
procedures currently in practice. The use of SPT data to assess liquefaction potential due to an 
earthquake is considered a reasonable and acceptable engineering procedure (Seed et al., 1985; 
National Research Council, 1985). This is because many of the factors affecting the SPT results 
similarly affect the liquefaction resistance of sandy soils. Furthermore, the evaluation procedure 
is based on the actual performance of soil deposits during worldwide historical earthquakes. 

The potential for liquefaction at a particular site is evaluated by comparing the earthquake-induced 
shear stresses with those required to cause liquefaction. These latter stresses are determined by 
correlation with soils at other sites that have similar penetration resistance values and whose 
behavior has been observed during earthquakes. 

The earthquake-induced shear stresses can be calculated from site response computations employing 
wave propagation techniques, or from the simplified procedures developed on the basis of response 
computations performed for a large number of soil deposits. 

The simplified method requires knowing the peak earthquake-induced ground surface acceleration, 
the total and effective stress conditions at various depths within the soil profile, and the standard 
penetration resistance, (N,)@ The cyclic stress ratio (s,,/ao’) induced by an earthquake in the field, 
can be calculated using the following equation (Seed et al., 1985): 

%flu OO - 0.65 - . - , ‘ ‘d 
’h 

0’ g uo 

where amax = the maximum acceleration at the ground surface 
0 0  

00 
Th = the horizontal shear stress 
rd 

= the total overburden pressure on the layer under consideration 
= the initial effective overburden pressure on the layer under consideration 

= a stress reduction factor that ranges from a value of 1 at the ground surface to 
about 0.9 at a depth of 35 feet. 

The potential for liquefaction at a soil site is evaluated based on empirical correlations between the 
cyclic stress ratio and (N,)m values indicating the observed occurrence, or non-occurrence, of 

f 
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liquefaction i n  sand deposits during historical earthquakes. The correlation for magnitude 7.5 
earthquakes for materials having various fines contents is shown on Figure G-3. 

The curves shown on Figure G-3, which were presented by Seed and Idriss (1982) and Seed et al. 
(1983, relate the cyclic stress ratio required to cause initial liquefaction, to the standard penetration 
resistance value, (N&. The value of (N,)m, which is the penetration resistance corrected to an 
effective overburden pressure of 1 ton per square foot, can be obtained from the results of the 
Standard Penetration Test (SPT), N, using the relationship: 

N, = C, * N 

where C, is a function of the effective overburden pressure at the depth where N is measured, and 
the approximate relative density of the sand. Relationship of C, values versus effective overburden 
pressure were developed from the results of studies conducted at the U.S. Army Corps of Engineers 
Waterways Experiment Station (Marcuson and Bieganouski, 1977) and later used by Seed and Idriss 
(1 982). These relationships are presented on Figure G-4. 

I 

SPT measurements for liquefaction assessments are normally obtained with rotary wash drilling 
methods, in which water or drilling fluid fills the hole, keeping the test material of interest confined. 
When ground water is present, the water or drilling fluid prevents blow outs of saturated sand 
deposits and prevents the loosening of the soil by the upward flow of water. All borings reviewed 
for the Rocky Flats Plant Site were drilled using a hollow-stem or flight auger. The N values 
recorded in saturated deposits using auger drilling techniques may not be equivalent to the N-value 
recorded in the same sand using rotary wash techniques (i.e., the N value using auger drilling 
techniques may be lower). Consequently, all interpretations of the available data likely will be 
conservative. 

In addition to overburden effects, the N, value is corrected to obtain the (N&-, value corresponding 
to a 60% hammer efficiency. The correction factor that is used depends on the hammer energy 
ratio, or the hammer drop and hammer type. Other effects such as the effect of fines content, rod 
stiffness, and sampler diameter also are considered to obtain the (N& values. 
For a given value of peak ground surface acceleration and the total and effective static stresses at 
the depth of interest, a value of the induced cyclic stress ratio can be computed. Using this value 
of cyclic stress ratio and a plot such as Figure G-3 for the appropriate magnitude earthquake, a 
critical value of the (N& blowcount can be determined, such that those materials having a value 
greater than the critical (NJm likely would not liquefy, and those having a value less than the critical 
(N1)60 likely would liquefy. By comparing the critical blowcount (N&, with the measured (N& 
of the material, it is possible to assess whether liquefaction would be expected. 

I 

For the purposes of this study, penetration measurements were only corrected for overburden 
effects. The "Corrected" N, values for the sandy materials having SFT blowcounts less than or equal 
50 (Figure G-5) were plotted at the corresponding test depth. The N, blowcounts were then 
compared to the critical value of (N&,, computed- for three levels of ground shaking: a 0.2g, 0.4g, 
and 0.6g peak ground acceleration from a Magnitude 6.5 earthquake. The critical blowcount 
induced by these three levels of ground shaking are plotted in Figure G-5, along with the N, 
blowcounts from the SPT measurements for comparison. The critical blowcounts were computed 
assuming a water table depth of 5 feet. 
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Based on a comparison of the N, blowcounts with the critical blowcounts shown on Figure G-5, the 
susceptibility to liquefaction at the site is judged to be low, especially when one considers that these 
sandy materials constitute less than 15% of the alluvial deposits at the site. If one further considers 
that the site material are predominantly clayey in nature, the blowcounts adjusted for fines content 
would be much higher than those shown on Figure G-5. For the Magnitude 6.5 earthquake with a 
peak ground acceleration of 0.6g, less than 3% of all the penetration resistance test samples would 
be subject to liquefaction. The locations of samples shown on Figure G-5 to have a potential for 
liquefaction are presented on Plate G-1 for the three assumed levels of peak ground acceleration. 

As can be seen on Plate G-1, the locations of these potentially liquefiable samples cannot be 
correlated with one another. The locations are at various depths and scattered randomly throughout 
the site. Where blowcounts may be particularly low at one borehole location, they are absent in an 
adjacent borehole. In addition, four of the low blowcount locations are at a shallow depth (less than 
5 feet). The blowcounts also have not been corrected for fines content. Consequently, it can be 
concluded that the looser sands are confined to small lenses or isolated pockets within the Rocky 
Flats Alluvium. This is consistent with the character and description of alluvial deposits at Rocky 
Flats. 

SUMMARY AND CONCLUSIONS 

Based on the measured penetration resistance values and material consistency relationships, the 
clayey materials at the site are generally very stiff; the sandy materials are generally medium dense 
to very dense, the gravelly materials are generally medium dense to very dense; and the fill is 
usually cohesive, ranging from soft to hard, but on the average stiff. There are very few isolated 
pockets of soft clay or loose sand and gravel. The blowcount values in the sandy soils that did not 
meet refusal represent less than 15% of all data reviewed, and on average represent medium-dense 
materials. Based on the age of the Rocky Flat Alluvium and the conclusions of the National 
Research Council (1983, the susceptibility to liquefaction of the site is judged to be negligible. 
About one-ihird of the materials at the plant site area are sandy and the rest are predominantly clay 
and dense gravels that are not subject to liquefaction. Of the sandy materials, there appear to be few 
deposits of clean sand and the sands that are present are often clayey or gravelly and dense. Based 
on gradation alone and a simple overview of the geotechnical data, one would conclude that the 
susceptibility to liquefaction is negligible. 

The comparison of (N& blowcounts with the critical blowcounts where liquefaction would be 
triggered, shows the susceptibility to liquefaction at the site is low, especially when one considers 
that these sandy materials constitute less than 15% of the terrace deposits at the site. For a 
Magnitude 6.5 earthquake having a peak ground acceleration of 0.6g, only about 3% of all the 
samples reviewed would be subject to liquefaction. This is a very conservative estimate because our 
analyses do not take into account the correction factors that would increase the blowcount value for 
fine contents nor the perched nature of the ground water. Assuming saturated steady state shallow 
conditions for a perched groundwater table is very conservative. In addition, the loose sand 
deposits, which represent less than 3% of all penetration tests, are confined to lenses scattered 
throughout the site. They do not appear to represent a uniquehdentifiable deposit or layer within 
the Rocky Flats Alluvium. 
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Since there is no or negligible chance of liquefaction at the Rocky Flats Plant Site, there will be n o  
liquefaction induced ground settlement. It should be noted that poorly consolidated soils and poorly 
compacted fills may be subject to earthquake-related ground failures such as lurching, heave, 
cracking and settlement. In our review of the boring logs, we noted some claystone fills with low 
blowcount measurements (on the order of 3) indicating that these materials may be soft. 
Consequently, some earthquake-induced settlement may occur in these areas. 
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TABLE G-1 
TABULATION OF BORINGS REVIEWED 

TO ADDRESS SOIL LIQUEFACTION CONCERNS 
ROCKY FLATS PLANT SITE AREA 

E! 
$ 

Blow Count Depth or GWL Unlfled Soil Classlflcatlon Fines Content 5 N Biowdfoot or Boring No.' 
Elevation (ft) Depth (ft) Elevation (ft) System #200 Sieve (Blowdnches) Reference 

6004 10 6004 Gc 2616 TH-I (1-1) TERA (1976) 

m 14 6004 SC, Cobbly/Gravelly 7016 TH-I (1 -1 )  TERA (1976) 

I 5986 28 6004 SC, Cobbly/Gravclly ' '66112 TH-I (1-1) TERA (1976) 

5995 3 5976 . G c  30112 TH-2 (1-2) TERA (1976) 

0 
P 

5985 . 13 5976 SC, CobblylGravcUy 3019 TH-2 (1-2) TERA (1976) 

6010 10 6015 Gc ' 5/11 TH-3 (1-3) TERA (1976) 

6004 I5 6015 SC. Cobbly/Gravclly 15112 TH-3 (1-3) TFXA (1976) 

.6OOo 19 6015 SC. Cobbly/Gravclly 17/12 TH-3 (1-3) TERA (1976) 

5996 23 6015 sc. Cobbly/Gravelly 21/12 TH-3 (1-3) TERA (1976) 

* Number in parenthesis indicates Boring Location on Plate 1. 

6015 9 6018 SC, Cobbly/Gravelly 3819 TH4 (14) TFXA (1976) 

20 6018 Gc 5016 TH-4 (14) TERA (1976) 
~ ~~ ~~~~~ 

5996 30 601 8 Gc 4316 TH4 (14) TERA (1976) 

5988 38 6018 Gc 60/5 TH4 (1-4) TERA (1976) 

' \ o  
N 

5987 4 5983 CL, Stiff Clay 12112 TH-5 (1-5) TERA (1976) 

5983 8 5983 CL, Stiff Clay 6/12 TH-5 (1-5) TERA (1976) Y 

;-I 
5975 16 5983 CL, Stiff Clay 25/12 TH-5 (1-5) TERA (1976) c) 

0 
5590 4 5577 GM I 2219 TB-1 (2-1) Wassenaar (1987) 0 

TB-I (2-1) Wassenaar (1987) & 5585 9 5577 CUSMKM Clay. Stiff io 11/12 
very stilf 

33 
0 

5580 14 5577 CUSMK;M Clay. Stiff to 14/12 TB-1 (2-1) Wasscnaar (1987) < 
0 very stiff 

h) 
0 

, 



.- 

Blow Count 
Elevatlon (ft) 

5575 

5592 

5589 

5584 

TABLE G-1 (continued) 
TABULATION OF BORINGS REVIEWED 

TO ADDRESS SOIL LIQUEFACTION CONCERNS 
ROCKY FLATS PLANT SITE AREA ' 

Depth or CWL Unlfled Sol1 Classiflatlon Flnes Content S N Blowshot or Boring No.' Blow Count 
Depth (n) Elevntlon (ft) System #200 Sleve (Blowdnches) 

19 5577 SMKiM med. dense ml9 TB-l (2-1) 

1 5582 Gc 18/12 TB-2 (2-2) 

4 5582 Gc 26/9 TB-2 (2-2) 

9 5582 CUSMEM Stiff to very stiff 2211 2 TB-2 (2-2) 

5579 

5595 

5592 

14 5582 CUSMIGM' stiff t o  very stiff 22/12 TB-2 (2-2) 

1 5578 Gc 21/12 TB-3 (2-3) 

4 5578 Gc 5014 TB-3 (2-3) 

1 
~ 

5587 9 5578 Gc W6 TB-3 (2-3) 

~ 5582 14 5578 CUSMIGM Stiff to very stiff 2219 TB-3 (2-3) 

I 5577 19 5578 CUSMEM Stiff to very stiff 14/12 TB-3 (2-3) 

5591 4 5578 Gc ml9 TB-4 (2-4) 

Wasscnaar (1987) 

1. 

Wassenaar (1981) 

5586 9 -5578 CUSMGM Stiff IO very stiff 19/12 TB-4 (24) 

5581 14 5578 CUSMjGM Stiff to very stiff 18112 TB-4 (2-4) 

Warrenaar (1987) 

6029 

6024 

6019 

6014 

6009 

6 0 0 4 -  

6026 
c 

~ 

Wassenaar (1987) 

5 6005 SC, Gravelly Sand wKlay 5011 1 B-1 (3-1) 

IO 6005 SC, Gravelly Sand wlClay 5011 2 B-l (3-1) 

15 6005 SC. Gravelly Sand w/Clay 5018 B-l (3-1) 

20 6005 SC, Gravelly Sand w/clry 5016 B-1 (3-1) 

25 6005 SC. Gravelly Sand wmay 5011 5 B-l (3-1) 

30 6005 , sc, Gnvelly sand w o y  5014 B-l (3-1) 

5 --_ Nu Nued son B-3 (3-2) 

Wasaenaar (1987) II 

Wasscnaar (1987) 

Wassmaar (1987) II 
Wassenaar (1987) II 
ATEC (1988) 

ATEC (1988) 

c, ATEC (1988) 

ATEC (1 988) 

ATEC (1988) 

ATEC (1988) 

ATEC (1988) II 0 



TABLE G-1 (continued) 
- TABULATION OF BORINGS REVIEWED 
TO ADDRESS SOIL LIQUEFACTION CONCERNS 

ROCKY FLATS PLANT SITE AREA 

1 

Boring No.' Blow Count Blow Count Depth or GWL Unlfled Sol1 Clnsiflutlon Flnes Content S N Blowdloot or 
Elevation (R) Depth Elevatlon (n) System #200 Sieve (Blowdnches) Reference 

602 1 10 ___  NU Nacd 5011 2 B-3 (3-2) ATEC (1988) 

6016 I5 ___  Nu Noted 5OI9 8-3 (3-2) ATEC (1988) 

6021 B-5 (3-3) ATEC (1988) 5 ___  SC, Grevclly Sand wlClay 5011 5 

II 5019 I B-5 (3-3) I ATEC (1988) 6016 I 10 I --_ I SC, Gravelly Sand wrlay I I 
601 1 

~~~ 

SC. Gravelly Sand w/Clay 5019 B-5 (3-3) ATEC (1988) 15 _ _ _  
__- I 5 , I  _ _ _  I SC. Sand wIGravel 8r Clay I 25 I 50112 I B-l (4-1) I Air P d u c u  (1989) (1 
-_- 
_ _ _  

5 _-- SC Cobbles 5019 8-2 (4-2) Air Products (1989) 

10 -__ SC Cobblcr . 14 5015 ' 8-2  (4-2) Air P d u c u  (1989) 

_ _ _  I 5 I 10'deep I GC I I 50 I B-IA (4-4) I .Air P d u c u  (1989) II 
--- 
_ _ _  
___  
-__ 
___  

~ ~~ 1 

10 10' deep Gc 5016 B-IA (4-4) Air Prod~cU (1989) 

15 10' deep GC 21 38 B-1A (44) Air P r o d ~ t c  (1989) 

20 10' deep Gc 43 B-l A (44) Air Produrn ( I  989) 

5 _-_ SC, Gravelly Sand wclay 
9 

38 B-2A (4-5) Air Produt% (1989) . z  
-? 
0 10 .-. SC, Gravelly Sand wclay 17 SOB B-2A (4-5) Air Prod~ctc (1989) 

___  
_ _ _  
___  
___  

5980 

0 
0 
rc, 

;a 

0 
P 

0 
€ 

0 

IS -- SC, Gmvelly Sand wKlay 48 B-2A (4-5) Air Producu (1989) 

5 10' decp SC. Gravelly Sand wmsy 29 28 B-3A (4-6) Air Prod~ct.~ (1989) 

IO 10' deep SC. Gmvelly Sand wKhy son B-3A (4-6) Air P d u c u  (1989) 

IS lo' deep SC, Gravelly Sand w a y  40 B-3A (46) Air Prod~cU (1989) 

4 ___  Fill 2611 2 TH-1 (G-1) Woodward-Clyde (1986) 

* Number in parenthesis indicates Boring Location on Plate 1. _- 
e:, 



..-.. 

0 
TABLE G-1 (continued) 

TABULATION OF BORINGS REVIEWED 
TO ADDRESS SOIL LIQUEFACTION CONCERNS 

ROCKY FLATS PLANT SITE AREA 

WoodwardClyde (1986) 

Woodward-Clyde (1986) 

WoodwardQydc (1986) 11 

Woodward-Clyde (1986) 

WoodwardClvde (1986) 11 

WoodwardClyde (1986) 

WoodwardClyde (1986) 11 

WoodwardClyde (1986) 

WoodwardClyde (1986) 

WoodwardClyde (1986) 

* Number in parenthesis indicates Boring Location on Plate 1. 



TABLE G-1 (continued) 
TABULATION OF BORINGS REVIEWED 

TO ADDRESS SOIL LIQUEFACTION CONCERNS 
ROCKY FLATS PLANT SITE AREA 

a 
i 0 
r, 

c 
;-I 
n 
0 
0 
tL 

Y 

0 
P 

0 e 
76 

I o  

* Number in parenthesis indicates Boring Location on Plate 1. 

. . "-a 



w 
P, 

2 e 

TAB 

Blow Count Blow Count Depth or GWL Unified Sol1 Classlflatlon nnes Content S N Blodloot or Borlng No.' 
Elevatlon (ft) Depth (ft) Elevatlon (ft) System #ZOO Sieve (Biowdinches) 

--- 20 ___  Claystone Fill 23 B-1 (8-1) 

TABLE G-1 (continued) 
ILATION OF BORINGS RE 

-_- 
--- 
--- 

'IEWED 
.TO ADDRESS SOIL LIQUEFACTION CONCERNS 

ROCKY FLATS PLANT SITE AREA B s 
3 e 

25 _-_ Claystone Fill 54 13 B-l (8-1) 

30 ___  Claystone Fill 13 B-1 (8-1) 

8-2 (8-2) 4 25' deep Sandy Gravel Fill w/Clay 21 9 

cl 
- .  
a 

--- 7 21' deep Sandy Gravel Fill w/Clay 8 B-2 (8-2) 

--- 11 25' deep Claystone Fill 10 8-2 (8-2) 

B-2 (8-2) 

_ _ _  26 25' deep Claysone Fill 50/0 B-2 (8-2) 

--- 4 23' deep Claystone Fill 4 B-3 (8-3) 

-_- 20 25' deep Claystone Fill 5 

IO 

20 

23' deep Claystone Fill 5 B-3 (8-3) 

23' deep Claystone Fill 3 8-3 (8-3) 

3 

5 

--_ Fill. Clay 14 B-1 (9-1) 

--. Fill, Clay 24 B-1 (9-1) 

* Number in parenthesis indicates Boring Location on Plate 1. 

~~~ ~~ ~~ 

--- l o  --- SWEC, Fill wfiravel 98/10 B-1 (9-1) 

_-_ IS -- CL clay 40 B-l (9-1) 

_ _ _  20 --- CL. clay 35 8-1 (9-1) 

_ _ _  3 24' deep Fill, Clay w/Grevel IO B-2 (9-2) 

_-- 5 24' deep Clay, CL 13 8-2 (9-2) 

_-_ IO 24' dccp Clay. CL 19 B-2 (9-2) 

--- 15 24' d#p Q l Y * C L  ' 22 B-2 (9-2) 
U 

ATEC (1987) 

ATEC (1987) 

ATEC (1987) 

ATEC (1987) 

ATEC (1987) 

ATEC (1987) 

ATEC (1992) 

ATEC (1992) 

ATEC (1992) 

ATEC (1992) 



TABLE C-1 (continued) 
TABULATION OF BORINGS REVIEWED 

TO ADDRESS SOIL LIQUEFACTION CONCERNS 
ROCKY FLATS PLANT SITE AREA (I 

* Number in parenthesis indicates Boring Location on Plate 1. 



/-- 

GC. Dense to v. Dcnsc Sandy 
Gravel w/Clay 

GC. Dense IO v. Dense Sandy 
Gravel wDay 

SCGC, Sand & Gravel 

SC-GC, Sand & Gravel 

SC-GC. Sand & Gravel 

SC-GC. Sand & Gravel 

SCGC. Sand & Gnvel 

SC-GC. Sand & Gravel 

e 

~ ~~ 

SOB B-3 (10-3) ATEC (1989) 

20 B-3 (10-3) ATEC (1989) 

29 l(11-1) ESI (1990) 

5Of10 l(11-1) ESI (1990) 

52 2 (11-2) ESI (1990) 

5Of 10 2 (11-2) SI (1990) 

50 38 3 (11-3) ESI (1990) 

50/8 3 (11-3) ESI (1990) 

TABLE G-1 (continued) 
TABULATION OF BORINGS REVIEWED 

TO ADDRESS SOIL LIQUEFACTION CONCERNS 
ROCKY FLATS PLANT SITE AREA 

SC-GC, Sand & Gravel 

SCGC, Sand & Gravel 

Depth or GWL I Elevatlon (ft) 
Blow Count Blow Count 

Elevation (ft) I Depth (ft) 

. 4 0  36 4 (11-4) ESI (1990) 

33 5 (1 1-5) ESI (1990) 

-__ 5989 3 

5988 4 .-- 
5989 4 .-- 
5980 9 

5989 4 

5980 9 

--. 
I- 

I_ 

SCGC, Sand & Gravel 

SC-GC, Sand & Gravel 

-. 

50f 1 1 6 ( 1 1 4 )  ESI (1990) 

24 6(11-6). ESI (1990) 

_-_ 

CL 

CL-GC-SC 

CLGCSC 

CLGC-SC 

CLGC-SC 

CL 

' C L  

~ 

System I #ZOO Sieve I (Blowdinches) I Reference 
Boring No.' I N Blowsffoot or Unlfled Soil Classlflcation Flnes Content 5 

~ ~~ 

30112 TH-201 (12-1) Cn/T)lompson (1980) 

21/12 TH-202 (12-2) Cn/T)lmpa (1980) 

19/12 TH-203 (12-3) c n / T h ~ m p ~ ~ n  (1980) 

34 21/12 TH-204 (12-4) CWh~mp~n (1980) 

4116 TH-204 (12-4) cn/Thpnp~n (1980) 

28 6/12 TH-206 (12-5) CWh~mp~n (1980) 

11112 TH-206 (12-5) cn/lh~~~~p~n (1980) 

* Number in parenthesis indicates Boring Location on Plate 1. 



TABLE G-1 (continued) 
TABULATION OF BORINGS REVIEWED 

TO ADDRESS SOIL LIQUEFACTION CONCERNS 
ROCKY FLATS PLANT SITE AREA 

Blow Count 
Elevntlon (n) 

-__ 

--_ 

-__ 
-__ 

--_ 
_-_ 
--- 
-_- 
-__ 
___  

Blow Count Depth or CWL Unlfled Soil Clnsslflcatlon Flnes Content S N Blowdfoot or Borlng No.' 
Depth (n) Elevrtlon (ft) System #200 Sleve (Blowdnches) Referen= 

- 5  -- CL 19 2011 2 TH-207 (12-6) cn/lh~mp~n (1980) 

IO ___  CL-GC-sc 17 5011 1 TH-207 (12-6) CIUlompa (1980) 

4 _ _ _  Gc-sc 19 4319 TH-208A (12-7) CTLJlll~mp~n (1980) 

9 .-. Gc-sc 4819 TH-208A (12-7) cn/lh~mp~n (1980) 

14 ___ G c S C  21 4419 TH-208A (12-7) c n / l h ~ m p ~ ~ n  (1980) 

19 --- Gc-sc 4119 TH-208A (12-7) CTLJlll~mp~n (1980) 

4 --_ Gc-sc 2611 2 TH-209 (12-8) c n / l h ~ m p ~ a  (1980) 

9 -- Gc-sc 4219 TH-209 (12-8) CTLJlll~mp~n (1980) 

I4 I- GcSC 20 4019 TH-209 (12-8) CTLJlll~mp~n (1980) 

19 _-- G c S C  5016 TH-209 (12-8) c n / l h ~ m p ~ ~ n  (1980) 

.-- 
_-_ 

24 _-_ GcSC so19 TH-209 (12-8) CTLJlll~mp~on (1980) 

5 - Fill 9/12 TH-210 (12-9) CTLJlll~mp~n (1980) 

___  
_-_ 
_ _ _  
_-- 

_ _ _  

**'Number in parenthesis indicates Boring Location on Plate 1. 

IO ___ Fi 46 2311 2 TH-210 (12-9) CTLJlll~mp~n (1980) 

I5 ___ Fill 1411 2 TH-210 (12-9) ClVl?apon (1980) 

20 .-- 2719 TH-210 (12-9) cn/Th~mp~n (1980) 

25 -_- Clay 14/12 TH-210 (12-9) ClUlh~mp~n (1980) 

5 -__ Sc, & v d y  Sand w m a y  SO11 0 B-1 (13-1) ATEC (1989) 
~~ ~ ~ 

--_ IO 

-_- 15 

_-_ m 

~~ ~ ~ 

--- SC, Grawlly Sand w m a y  son B-1 (13-1) ATEC (1989) 

--. SC, Gravelly Sand w m a y  30 5016 B-l (13-1) ATEC (1989) 

SC. Clayey Sand 8/12 B-l  (13-1) ATEC (1989) -- - 



'-0 

6004 

5999 

TABLE C-1 (continued) 
TABULATION OF BORINCS REVIEWED 

TO ADDRESS SOIL LIQUEFACTION CONCERNS 
ROCKY FLATS PLANT SITE AREA 

5 5991 CL wlclavel 5017 TH-2 (14-2) RV LORD (1972) 

10 5997 CL w/Glavel . 3911 2 TH-2 (14-2) RV LORD (1972) 

Blow Count Blow Count Depth (K GWL Unlfled Sol1 Classlflcatlon 
Elevation (ft) ' Depth (ft) Elevatlon (ft) System 

5994 

6002 

5991 

5992 

--- I 10 I 

15 5997.' CL 2611 2 TH-2 (14-2) RV LORD (1972) 

5 5993 CL 52 TH-3 (14-3) RV LORD (1972) 

10 5993 CL 34 TH-3 (14-3) RV LORD (1972) 

15 5993 SM 35 TH-3 (14-3) RV LORD (1972) 

__- sc 

6005 3 5994 GM 

6003 5 5994 CL 

~ ~~ 

--_ 

--- 

___  
--- 

5970 

5969 

~ 5991 I1 5994 GM 

5993 I5 5994 GM 

~ ~ ~ 

9 -__ S C G C  14 2519 1 (IG-I) 

14 -- S C G C  13 3016 1 (1G-I) 

4 SCGC 24 25/10 2 (15-2) 

14 I- SCGC 2316 2 (15-2) 

4 5967-597 1 Gc 5016 TH-1 (161) 

4 597 1 Gc 5011 1 TH-2 (162) 

Flnes Content 5 N Blowdfoot or Borlng No.' 
#100 Sieve (Blowdnches) 

- ~~ 

50/1 B-1 (13-1) 
I I I 49 I . B-1 (13-1) 

24 63 B-2 (13-2) 
I I 

30 I 5015 I B-2 (13-2) 

I 43 I TH-1 (14-1) 

32 TH-1 (14-1) 

5019 , TH-I (14-1) 

Reference 

ATEC (1989) 

ATEC (1989) 
~~ 

ATEC (1989) 

ATEC (1989) 

RV LORD (1972) 

RV LORD (1972) 

RV LORD (1972) 

1 RVLORD(1972) 

, chad Assoc. (1972) 

chcn & Assoc. (1972) 

Chen & Assoc. (1972) 

Chcn & Assoc. (1972) 

RV LORD (1976). 

RV LORD (1976) 

* Number in parenthesis indicates Boring Location on Plate 1. 



TABLE G-1 (continued) 
TABULATION OF BORINGS REVIEWED 

TO ADDRESS SOIL LIQUEFACTION CONCERNS 
ROCKY FLATS PLANT SITE AREA 

Blow Count 
Elevatlon (ft) 

5971 

Blow Count Depth or GWL 
Depth (ft) Elevatlon (ft) 

5 597 1 

Unlfled Sol1 Classiflcatlon 
System 

Gc 

--- 9 5l-7' deep 

4 5'-7' deep ' 

Flnes Content 5 N Blowslloot or Boring No.' 
#ZOO Sieve (Blodnches) Reference 

3011 2 TH-3 (16-3) RV U>RD (1976) 

1' 

4 7' deep 
I I 

_ _ _  5972 5 

' 5968 5 5966 

U I _ _ _  9 6'-8' deep 

Gc 

Gc 

31/12 TH-4 (164) RV LORD (1976) 

32/12 TH-5 (16-5) . RV LORD (19?6) 
~ ~ 

CL-sc 

CL-sc 

67 I2 l(17-1) A g u k  (1988)/Phasc U 

I5 2 (17-2) A g u k  (1988)mhase U 

CL 

CL 

Aguim (1988)/Phasc Il 

Aguinr (1988)Phasc 5 

2.2 2 (17-2) 

88.7 19 3 (17-3) 

* Number in parenthesis indicates Boring Location on Plate 1. 

CL 

SC6M 

CL 

Gc 

\o 
N 
c. 

;.' 
r )  
0 
0 
tL 
0 
P 

;a 
CD < 
0 

~ ~ ~ 

32 3 (17-3) Aguim (1988)/Phasc Il 

20.4 ' 39 4 (17-4) A g u k  (1988)/Phare U 

98 34 6 (17-5) Aguim (1988)Phase U 

35 50D 6 (17-5) A g u k  (1988)Pharc 5 

--- 4 7'-8' decp 1.. --- 9 7.4' deep . 



'-a 

Blow Count 
Depth (ft) 

4 

4 

Blow Count 
Elevation (a) 

Depth or GWL Unified Soil Classification Fines Content 5 N Blowsffoot or Borlng No.' 
Elevation (ft) System CnOO Sieve (Blowdnches) 

8' deep cusc 50 13 (17-11) 

10' 2dayr Gc 50/0 18 (17-12) 
3'-14 days 
7-36 days 

TABLE G-1 (continued) 
TABULATION OF BORINGS REVIEWED 

TO ADDRESS SOIL LIQUEFACTION CONCERNS 
ROCKY FLATS PLANT SITE AREA 

_-_ 

-_- 
4 5' deep Gc 5 19 (17-13) 

9 5' deep Gc 11 19 (17-13) 

Reference 

-__ 
-_- 

A g u h  (1988)IPhase II 

4 7'-9' deep Gc 0.5 * 18 20 (17-14) 

4 3'-'6 d e p  Gc 14 21 (17-15) 

A g u h  (1988)Phase II 

--_ 

--- 

--_ 

_ _ _  
___  

4 3'-5' deep CL 6 22 (17-16) A g u k  (1988)Phs~~ II 

9 -_- CL t 
50/1 1 25 (17-17) Aguirn (1988)Phasc II 

4 4'4' deep SPBM 5Ol9 26 (17-18) Aguim (1988)Phase II 

9 4-8' deep SMlCL 8.8 50/10 26 (17-18) Aguim (1988)Ph~s~ II 

4 _-_ CL 16 27 (17-19) Aguirrc (1988)Phasc II 

Aguim (1988)/Phase II 

A g u h  (1988)IPhase 11 

--- 

-__ 

_-_ 
___  

27 (17-19) Aguim (1988)Phase II 

28 (17-20) Aguim (1988)Phase II 

29 (17-21) Aguim (1988)/&~e 11 

29 (17-21) A g u h  (1988)Phase Il 

9 --_ Gc 7.0 50/0 

4 __- CL 50 

4 ' 1O'deq cusc 48.1 SOB 

9 10' dccp 7 50/11 

Aguirrc (1988)mhase II 

Aguirn (1988)Phase II 

_ _ _  
_ _ _  
___  
--_ 

~~~ 

4 9'dccp CL 19.6 15 c- 30(17-22) 

9 9'deep CL 27.9 26 30 (17-22) 

4 8' deep Gc 23.5 5018 31 (17-23) 

9 8' deep cum 46 31 (17-23) 

* Number in parenthesis indicates Boring Location on Plate 1. 

Aguim (1988)Phsse II 

Aguim (1988)Phase II 

Aguim (1988)mhase II 

Aguim (1988)Phase II 



TABLE G-1 (continued) 
TABULATION OF BORINGS REVIEWED 

TO ADDRESS SOIL LIQUEFACTION CONCERNS 
ROCKY FLATS PLANT SITE AREA 

Blow Count 
Elevatlon (ft) 

-__ 

--- 
_-_ 
_ _ _  
_ _ _  
__- 

_ _ _  
-__ 
--_ 
-__ 

--_ 
_-- 

-__ 

_ _ _  
_-_ 

--_ 
--_ 

-__ 
--_ 

--_ 

Unlfled Sol1 Classiflation Flnes Content N Blodfoot OT Boring No.' Blow Count Depth or CWL 
Depth (n) Elevation (fk) System #ZOO Sieve (Blowdnches) Reference 

4 _-- CL 26 32 (17-24) Aguim (1988)mhase II 

9 .-- CL 23 32 (17-24) Aguim (1988)mhase II 

4 .-- CL 19 33 (17-25) Aguim (1988)mhare II 

33 (17-25) Aguirn (1988)IPhase II 9 .-- CL 

4 5 ' 4 '  deep CL 99.1 13 34 (17-26) Aguim (1988)mhase II 

9 5'-8' deep CL 17 34 (17-26) Aguim (1988)mhasc II 

4 --- CL-sc 16 37 (17-27) Aguim (I988)lPhase II 

9 .-- CL-sc IO 37 (17-27) Aguim (1988)mhasc II 

4 8' dcep CL 45 38 (17-28) Aguim (1988)mhase II 

9 8' deep CL 30 38 (17-28) Aguirrc (1988)mhase II 

4 IO' dccp CL 80.5 IS 39 (17-29) Aguim (1988)lPhasc ll 

9 10' dccp CL 12 39 (17-29) A y i m  (1988)Phasc II 

4 7' dccp CL 29 40 (17-30) Aguim (1988)mhasc II 

9 7' decp CL 26 40 (17-30) Aguim (1988)Phase IT 

4 --- CL 18 41 (17-31) Aguim (1988)mhase II 

4 7' deep CL 40 42 (17-32) Aguim (198S)lPhase II 

9 7' decp Gc 50/8 42 (17-32) Aguim (1988)IPhase II 

4 6' deep CL 501p 43 (17-33) Aguirrc (1988)mhase II 

9 6' decp sc 56.2 43 43 (17-33) Aguim (1988)/T%ase II 

4 .e- SPlSM 37 45 (17-34) A y i m  (1988)mhasc II 

~ ~~~ ~ ~ 

17 
~. - ~ ~ -~ 

* Number in parenthesis indicates Boring Location on Plate 1. 
,---. 



TABLE G-1 (continued) 
TABULATION OF BORINGS REVIEWED 

TO ADDRESS SOIL LIQUEFACTION CONCERNS 
ROCKY FLATS PLANT SITE AREA 

SPEM 

Gc 

Borlng No.' I N Blowdfoot or 
System #200 Sleve I (Blowdnches) 

~~ 

Unlfled Soil ClassMentlon I Hevatton (n) I Depth oc CWL Blow Count Blow Count 
Elevrtlon (n) 

39 45 (17-34) A g u h  (1988)/Phase II 

5016 46 (17-35) Aguim (1988)mhase.II 

~~ 

Refei-ence 

_ _ _  
-_- 

--_ I 4 I 8' deep 

48 (17-36) Aguim (1988)mhasc 11 

50 (17-37) Aguim (1988)/F%ase II 

4 8' deep SM 45.0 30 

4 8' deep CL son 
CUSPDM 

Gc 

Gc 

CL 

Gc 

6 53 (17-38) Aguim (1988)lPhasc II 

31.6 son 54 (17-39) Aguim (1988)lPhasc 11 

50/1 54 (17-39) Aguim (1988)lPhasc II 

37 55 (1740) Aguim (1988)mharc II 

5016 55 (1740) Aguim (1988)IPhasc II -_- I 9 I 4'dccp 

GclcL 

Gc _ _ _  ' - I  9 I .  
62.8 50/8 56 (17-41) Aguim (1988)/Phase II 

50/8 .M (17-41) Aguim (1988)/Phasc II 

_ _ _  
__- 

~~ -~ 

4 --- Gc 5Oi8 57 (1742) Aguim (1988)lPhase II 

9 -.- Gc 35 57 (1742) Aguim'(l988)mhase II 

-__ 
--_ 
-__ 
_ _ _  

- 

4 9' deep Gc 22.9 17 59 (17-43) Aguim (1988)lPhasc II 

9 9' deep Gc SOB 59 (17-43) Aguim (1988)Phase II 

4 7' deep Gc 50110 61 ( 1 7 4 )  Aguim (1988)/Phase II 

4 8' dccp CL 17 62 (17-45) Aguim (1988)lPhare II 

4 

___  4 

_-_ 9 

__- 
~~~ 

4- Gc son 64 (1745) Aguim (1988)lPhase II 

66 ( 1 7 4 )  Aguim (1988)lPhrse 11 7'- CL 17 

66 (17-47) Aguim (1988)Phase II 7'dccp C L .  2n 



TABLE G-1 (continued) 
TABULATION OF BORINGS REVIEWED 

TO ADDRESS SOIL LIQUEFACTION CONCERNS 
ROCKY FLATS PLANT SITE AREA 

9 
i? 

0 -  
tL 
OQ 

Boring No.' Blow Count Blow Count Depth or GWL Unlned Sol1 ClanlflaUon Flnes Content $ N Blodfoot or 
Elevatlon (ft) Depth ((I) Elevatlon (n) System #ZOO Sieve (Blowslinches) Reference 

_-- 4 --- Sand 33 l(18-1) Aguim (1988)IPhasc I 

--- 9 ..- Gc 22 6016 l(l8-1) Aguim (1988)IPhase I 

Aguim (1988)/Phasc I 

__- 9 4' deep Gc 12 2 (18-2) Aguim (1988)/Phase I 

--- 4 -.- Gc son 3 (18-3) Aguim (1988)/Phase I 

--- 9 --- Gc SOD 3 (18-3) Aguim (1988)lPhase I 

_-- 4 ___  SM 35 5016 4 (18-4) Aguim (1988)lPhaie I 

--- 9 --- SM I8 5011 I 4 (184) Aguim (1988)lPharc I 

2 (18-2) --- 4 4' deep Gc 22 3 

I --- I 4 I 4' deep I G c  I I 34 I 5 (18-5) I Aguim (1988)lPhasc I 1 

__-  Aguim (1988)IPhasc I 

. 6(18-6) Aguim (1988)mase I 

9 4' deep Gc 11 son 5 (18-5) 

4 __- SM 28 5015 

__- 9 --. SM 5Wl 6 (184) Aguim (1988)mhare I 

4 --. Gc 38D 7 (18-7) Aguim (1988)lPhare I 

* Number in parenthesis indicates Boring Location on Plate 1. 
;-. 

.-- 
__- 

.-- 
_ _ _  

\o 
h, 
& 

7l 
n 
0 
0 
tL 
3 
P 

P 
0 < 
0 

Aguim (1988)lPhase I 

Aguim (1988)lPhasc I 

Aguirrc (1988)lPhase I 

Aguim (1988)mhase I 

9 --. SM 30 5015 7 (18-7) 

4 --. Gc 5016 8 (18-8) 

9 .-* SM 40/8 8 (18-8) 

4 4' deep Gc 3 9 n  9 (18-9) 

__- 9 4' deep SM 24 9 (18-9) Aguim (1988)/R1ase I 

--. 4 8' deep Gc 40 10 (18-10) Aguim (1988)mhase I 

__- 9 8' dccp SM 32 39 IO (18-10) Aguim (1988)Phase I - - 



- 

_-. 

TABLE G-1 (continued) 
TABULATION OF BORINGS REVIEWED 

TO ADDRESS SOIL LIQUEFACTION CONCERNS 
ROCKY FLATS PLANT SITE AREA 

Depth or CWL 
Elevation (ft) II Elevntlon (fk) I Depth (ft) I Blow Count Blow Count 

~ 

* Number in parenthesis indicates Boring Lo 
/ 

:ation on Plate 1. 



TABLE G-1 (continued) 
TABULATION OF BORINGS REVIEWED 

TO ADDRESS SOIL LIQUEFACTION CONCERNS 
ROCKY FLATS PLANT SITE AREA 

Blow Count 
Elevation (n) 

-.- 
_-- 
--- 
-_- 

Blow Count Depth or CWL Unified Soil Classiflesuon Flnes Content S N Blowdfoot or Borlng No.' 
Depth (ft) Eievatton (ft) System #to0 Sieve (Biowdnches) Reference 

4 --_ SPEM son 24 (18-24) Aguim (1988)Phase I 

9 .-- SPEM 5015 24 (18-24) A g u k  (1988)Phase I 

4 __- SPISMfGc 5019 25 (18-25) Aguim (1988)mhase I 

9 --- Gc 5015 25 (18-25) A g u k  (1988)Phare I 

4 I' d u p  

I 9 7' deep SM I I 5019 ' 26 (18-26) Aguirre (1988)mhase I II 
4 --- 

--- 
--- 
--- 

Z l  (18-27) Aguint (1988)mhase I 

23 (18-28) Aguim (1988)Phase I 

28 (18-28) Aauirn (I988)Phase I 

9 -. CUSPEM 50/11 

4 .-- Gc 5019 

9 .-- CUSPEM 32 5019 

II --- I 4 I .- I SPEM I ~ 29 (18-29) I Aguirn (1988)Phase I 11 I 21 

* Number in parenthesis indicates Boring Location on Plate 1. 
.-. 

I 
t 3  
0 
P 
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TABLE G-2 

SUMMARY OF STANDARD PENETRATION TEST RESULTS 
IN ALLUVIUM AND FILL MATERIALS 

No. of 
Samples 

a) Clayey portion 
b) Sandy portion 

FILL 34 

Range of Average SPT Standard 
Measured SPT Value Deviation 

Values (Blows/ft) (B lowdft ) (Blows/ft) 

3 to > 50 I 14 1 11 

(3-3 1 



' .  i 



"'-e 

KEY 
Mort liquefiable soils based on 
laboratory tests. Lee rnd Fitton 
(1968) 
Sands at Niigata in 15 to 30 feet 
depth range. S e d  and Idrirs ' -00' liquefied during Western Argentina 
(19671 earthquake of 1977. Youd (1982) 

Envelope of 19 curves of sands 

in Japan. Kirhidr (19691 
,= . that liquefied during earthquakes 

--I Envelope of 7 curves of silts that 

HYDPOt?ETER ANALYSIS SIEVE ANALYSIS 
i 7 l V E  READINGS 

f 
c 

c 

GRADATION OF LIQUEFIABLE SANDY AND SILTY SOILS 
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Figure G-3. Relationship between Cyclic Stress Ratio Causing Liquefaction and (N&,. 
Values for M = 7 1/2 Earthquakes (After Seed et al., 1985). 
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Figure G-5. Blowcounts, N, (blows/foot) versus Depth, with N, critical for Three Selected Earthquakes. 
Number in ( ) indicates number of points with same blowcount or geater. 
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APPENDIX H 

STABILITY OF GEOTECHNICAL STRUCTURES 

by 

Geomatrix Consultants, Inc. 
San Francisco, California 

INTRODUCTION 

This Appendix covers the evaluation of man-made and natural slopes at the Rocky Flats plant for 
possible damage (settlement, sliding, lurching, etc.) during earthquakes. This work was conducted 
and reported by Geomatrix Consultants, Inc., San Francisco. 

The topography at the Rocky Flats Plant site is relatively flat. However, the Rocky Flats Alluvium 
and the underlying bedrock formations have been dissected by several streams and drainage 
channels, a process that has created natural slopes and topographic relief as much as 50 feet high. 
Grading, excavation, and filling related to construction of plant buildings also has created man- 
made slopes and embankments that are as much as 30 feet in height. 

Based on an examination of topographic maps of the plant site, we identified locations that exhibit 
the highest topographic relief and steepest slopes in the vicinity of the plant structures. We 
developed profiles typical of these slopes, having various subsurface conditions, to evaluate the 
seismic stability of the slopes under several postulated levels of earthquake ground shaking. 

\ 

a (. 

We performed a site reconnaissance and reviewed previous geotechnical and geologic 
investigations of the plant site to assess subsurface and ground water conditions for use in the 
seismic stability evaluations of the slopes. 

The following pages present a summary of general geologic conditions at the plant site, an 
assessment of typical subsurface soil and ground water conditions that may underlie those slopes, 
estimates of shear strength parameters for the various materials comprising those slopes, and 
assessment of the seismic stability under various levels of earthquake ground shaking. We assess 
slope stability in terms of the potential for permanent downslope displacements given a specified 
level of ground shaking. 

I 

SUMMARY OF SITE GEOLOGY 

The Rock Flats Plant site is located on the western edge of the Colorado Piedmont section of the 
Great Plains Physiographic Province (Hunt, 1974). The Colorado Piedmont lies adjacent to the 
southern Rbcky Mountains and is drained by the South Platte and Arkansas rivers. Tertiary 
bedrock has been stripped from much of this region and the section is eroded below the High 
Plains by as much as 450 meters (Osterkamp and others, 1987). The plant site sits on a 
geomorphic surface comprised of a gravel-capped pediment surface (Rocky Flats alluvial surface) 

0 
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that is adjacent to the base of the Colorado Front Range. Erosional remnants of the Rocky Flats 
surface slope gently east towards the central Denver Basin. It is dissected along its eastern edge 
by the heads of several small intermittent (seasonal) streams. 

(0 
The gravel that caps the pediment surface was deposited in the very early Pleistocene (1 to 2.5 
million years ago) and is identified as the Rocky Flats Alluvium (Blume, 1974; Ebasco, 1992). 
It consists predominantly of bouldery and cobbly, silty, clayey, and sandy 5 v e l .  The gravel is 
predominmtly quartzite, containing sizeable percentages of schist, gneiss, and granite. The surface 
deposits range in thickness from less than 1 foot to over 100 feet to the west of the site, averaging 
about 10 feet, across the width of the Rocky Flats Plant. The bedrock surface has a relief of about - 

50 feet. Details of the material characteristics of Rocky Flats Alluvium are provided in the soil 
liquefaction assessment (Appendix G) report. 

The underlying bedrock consists of Cretaceous-age sedimentary strata, including, in descending 
order, the Arapahoe Formation, the Laramie Formation, the Fox Hill Sandstone, and the Pierre 
Shale. These sedimentary formations dip to the east at angles ranging from about 76 degrees west 
of the Rocky Flats alluvial surface to less than 5 degrees east of the surface. In the plant site area, 
bedrock dips about 1 to 5 degrees to the east, on average. Locally, dips may be steeper (e.g., 10 
to 20 degrees). c 

The Arapahoe Formation, which immediately underlies the Rocky Flats Alluvium at the Rocky 
Flats Plant, is approximately 0 to 120 feet thick and consists of claystone with interbedded 
sandstone and siltstone. Underlying the Arapahoe Formation is the Laramie Formation, which is 
approximately 600 to 800 feet thick. The upper several hundred feet of the Laramie is composed 
chiefly of clay shale, sandy shale, and claystone containing some lenticular beds of sandstone, 
while the lower couple of hundred feet is sandstone separated by thin beds of shale, clay, and coal. 
Underlying the Laramie is the Fox Hills Sandstone, which is estimated to be about 100 feet thick 
under the Rocky Flats Plant. Underlying the Fox Hills Sandstone is the Pierre Shale, which is 
about 8000 feet thick. A more detailed discussion of site geology may be found in Ebasco (1992). 

a i 

The following general observations about the topography, drainage, and slope stability of the plant 
site are based on field observations made adjacent to the plant site by URS/J. Blume (1974). 
Because of its inherent strength, the Rocky Flats Alluvium forms a scarp that has a distinct break 
in slope at the contact where it overlies bedrock Springs and seeps are common along the contact 
between the permeable sands and gravels of the Rocky Flats Alluvium and the underlying 
impermeable shales, especially where the alluvium projects like fingers over the bedrock. A 
predominant growth of brush and grass is found at this spring line. A number of recent landslides 
and many areas suggestive of old landslides are associated with the spring line. Most of the slides 
developed exclusively in the shales, but some included blocks of the overlying alluvium. The 
north slopes of the stream valleys seem to be more affected by sliding and are also steeper than the 
south slopes (URS/J. Blume, 1974). These landslides, primarily slumps, probably occurred in 
response to oversteepening of the slopes by the eroding streams. The slides are reported to include 
the residual and slopewash soils and portions of bedrock. Thin, poorly stratified alluvial soils, 
primarily silty, clayey, and gravelly sands, blanket the floor of the stream valleys (Wassenaar, 
1987). . 

Few of these features were o b w e d  during our present study, mainly in the steep walls of a stream 
outside the plant's north perimeter road. However, because of extensive grading and filling related 
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to construction activities within the plant area and the installation of culverts, drainage channels, 
and storm drains, the recent incidence of these shallow landslides in natural slopes within the plant 0 

( area has been negligible. 

\ 

METHODOLOGY AND SCOPE OF GEOTECHNICAL DATA REVIEW 

To evaluate the seismic stability of geotechnical structures at the Rocky Hats Plant site area, a 
review was performed of geotechnical information for sites within the plant area and in the near 
vicinity. Since 1951 and the inception of the Rocky Hats Plant, there have been numerous 
investigations and test holes to aid in the design and construction of site facilities. Although not 
every geotechnical report at the plant site was reviewed, a review of reports relevant to the 
assessed plant area provided adequate data on which to base our analyses and conclusions. 
Geotechnical reports for sites within and surrounding the maximum security area were examined 
and reports with boring information which were believed to have material property data 
representative of subsurface conditions were selected for incorporation into our evaluations. 

Our review included 22 soil investigation reports for individual buildings, utilities, roads, parking 
lots, holding ponds, storage tanks, or other conventional surface facility structures; six geophysical 
data/seismic line reports; four seismic riskhazard, seismic design criteria, and geologic 
investigation reports; and one ground water monitoring report. Various maps and aerial 
photographs were also reviewed. The documents reviewed are listed in the references. The soil 
investigation reports, themselves, contained logs of borings and test pits for as few as one or two 
subsurface locations to more than 60 locations. It should be noted that because the plant site area 
is relatively flat and located in competent material for relatively shallow lightly-loaded 
foundations, exploration generally was done using hollow-stem augers (continuous flight augers). 
Sampling generally was performed by the standard split-spoon or thin brass liner method. 
Penetration resistance measured when a 140-pound hammer is dropped a distance of 30 inches on 
a 2-inch diameter sampler is designated as a Standard Penetration Test (SPT). Undisturbed 
sampling was difficult to perform in the gravelly materials, where standard penetration tests 
generally indicated competent dense or hard materials. Consequently, testing of samples usually 
consisted of index property tests, such as gradation tests on the granular materials, and unit weight, 
plasticity tests (Atterberg limits), and occasional unconfined tests on more cohesive samples. A 
tabulation of data collected listing the boring number, reference, blow count elevation or depth, 
depth to ground water, the soil type according to the Unified Soil Classification System, fines 
content, and blow count was presented in the soil liquefaction assessment (Appendix G) report. 

0 t 

SUBSURFACE SITE CONDITIONS 

A description of our review of the subsurface conditions at the Rocky Flats Plant area was 
presented in the soil liquefactiori assessment (Appendix G). 

Three units/formations were encountered in the borings drilled at the site: (1) compacted and 
random fill derived from bedrock and alluvial materials; (2) alluvium consisting primarily of @ clayey sands and gravels, and gravelly sandy clays; (3) bedrock of the Arapahoe formation 

(\ consisting primarily of claystone with interbeds of siltstone and sandstone. 

EGGRF/REFQRTlAPPENDD.H6 H-3 



9217-COO-204, Rev. 0 

A description of the ground water conditions at the plant site was presented in the soil liquefaction 
assessment (Appendix G) report. Based on a review of the Ground Water Protection and 
Monitoring Program Plan (EG&G, 1991), the water table depth in the alluvium is variable, 
although it generally becomes shallower from west to east as the alluvial material thins. Seeps are 
common at the base of the Rocky Flats alluvium at the contact with claystones, in stream 
drainages. The report indicates that much of the ground water within the alluvium unit becomes 
surface water or evaporates where it discharges from seeps along slopes and in drainage valleys. 
A map showing the ground water table elevation contours within the Rocky Flats Plant site is 
shown on Figure H- 1. This figure was used in assessing the ground water conditions at selected 
profiles used in the seismic stability evaluations. 

SHEAR STRENGTH PROPERTIES 

A number of profiles were identified at several locations throughout the plant site that represent 
the steepest slopes and largest topographic relief in the vicinity of the plant structures. These 
slopes are listed in Table H-1; their locations are presented on Figure H-2. Cross-sections through 
each of the profiles listed in Table H-1 are presented in Addendum H-1 to this report. No borings 
were available at the immediate locations of these slopes, however the general subsurface 
conditions underlying these sites were inferred on the basis of an assessment of geotechnical data 
available in their general vicinity and a review of aerial photographs of the plant site at various 
stages of construction. 

Table H- 1 shows that the subsurface soils underlying these slopes can be classified as (a) alluvium, 
(b) compacted fill or random fill, and (c) claystone of the Arapahoe Formation. For the purpose 
of the stability evaluations, the shear strength parameters for these materials were estimated based 
on our review of available geotechnical data. 

a 
The properties of the alluvium and the fill materials were based on evaluations of the Standard 
Penetration Tests (SPTs) performed during previous investigations. The properties of the 
claystone were estimated using unconfined compression test results reported by URS/J. Blume 
(1974), and Woodward-Clyde Consultants (1986), as well as review of published data on similar 
materials. 

The alluvium was assumed to consist predominantly of clayey sands and gravels. Average SPT 
blowcounts estimated from our review of previous investigations were on the order of about 40 
blowdft. Using the correlation charts of Schmertman (1973, a friction angle, 9, for the sandy and 
gravelly alluvium was estimated at 45 degrees. Because one-third of the SPT samples recovered ' 
from the alluvial materials were representative of clayey (cohesive) soil, alternative strength 
parameters also were assumed for performing parametric analyses. The strength parameters for 
the clayey alluvium are: a cohesion, c, of 200 psf and a friction angle, 9, of 38 degrees. 

Compacted and random fills at the site consist of stiff sandy/gravelly clays derived from the 
underlying claystone bedrock. An average blowcount estimated for the fill material is 14 blows/ft. 
Using correlations of Terzaghi and Peck (1967) a cohesion value, c, for the stiff cohesive fill is 
conservatively estimated at lo00 psf. The relatively low value of c selected for the fill material 
is intended to account for the possible existence of uncompacted random fill at certain locations. 
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Material Type 

The shear strength properties for the claystone bedrock were conservatively obtained using the 
results of unconfined compressive tests on samples that failed along an "old fracture surface." 
Values of unconfined compressive strength from tests performed by URS/J. Blume (1974) ranged 
from 2300 to 12,300 psf. Values reported by Woodward-Clyde (1986) on samples of the 
weathered claystone ranged from 4800 to 10,600 psf. Based on these test results, a value of 
cohesion, c, of lo00 psf and friction angle of 20 degrees were selected for use in the stability 
analyses. 

(PCf) (PSO Friction Angle 4 

The shear strength parameters for the various material types comprising the slopes, that were 
selected for use in the stability analyses, are summarized below: 

Alluvium (gravelly, 
sandy clays) 

Fill Material 

I Unitweight I Cohesion-C 1 

120 200 38 

120 lo00 0 

Alluvium 
(sandy gravels) 

120 0 45 

Clay stone I 130 I lo00 I 20 

EVALUATION OF SEISMIC STABILITY 

The seismic stability of the slopes was assessed for their potential to undergo permanent 
deformations due to earthquake shaking. The permanent deformations (i.e., cumulative downslope 
displacements) were estimated using the concept of yield seismic coefficient. This concept and 
the nature of these deformations are further explained below. 

< 

A simple procedure was developed by Newmark (1965) to estimate the amount of deformation that 
a slope might undergo as a result of strong earthquake ground shaking. The method has been 
modified and improved by various investigators (Ambraseys, 1973; Sarma, 1975; Franklin and 

, Chang, 1977; Makdisi and Seed, 1978). The approach adopted here is that of Makdisi and Seed 
(1978). The method provides an estimate of permanent deformations in soils that neither liquefy 
nor undergo a significant loss of strength under cyclic loading (Seed, 1979). 

The Makdisi and Seed method analyzes potential sliding masses as acted on by three forces: 
driving force from the weight of the soil, driving force from earthquake inertia, and resisting force 
from soil shear strength. For a given potential sliding mass, shear strength characteristics, and 
earthquake shaking conditions, these forces and the corresponding yield seismic coefficient can 
be calculated using slope stability analyses. The yield seismic coefficient is the acceleration that 
produces a large enough driving force from inertia to make the factor of safety of the slope equal 
to one. 

H-5 
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When using this method, i t  is important to note that when the total driving force becomes equal 
to or greater than the total resisting force, this does not, by itself, necessarily imply slope "failure." 
Rather, because of the transient nature of the driving force from earthquake inema, the likely 
consequence is a permanent displacement of the soil mass, with the magnitude of the displacement 
depending on the intensity and duration of earthquake shaking. 

Three primary parameters affect the seismically induced displacement of a given sliding mass 
(Makdisi and Seed, 1978): (1) the yield seismic coefficient for the sliding mass; (2) the maximum 
acceleration induced by the earthquake; and (3) the duration of ground shaking, as reflected by the 
magnitude of the earthquake. If values of the above parameters are known for a given potential 
sliding mass, it is possible to estimate a range for the seismically induced displacement for that 
mass. 

As mentioned previously, the yield seismic coefficient, 4 is defined as the horizontal acceleration, 
applied to a potential sliding mass, that results in a factor of safety of 1.0. The yield seismic 
coefficient is estimated using slope stability analyses that employ limit equilibrium techniques. 

The slopes, listed in Table H-1 and presented in Addendum H-1, range in height from 14 to 30 
feet; most are between 20 and 30 feet. All of the slopes, with the exception of two, have 
inclinations of about 2.0H to 1.OV or flatter. The slope at location 4 had an inclination of 1.5H 
to 1.OV; however, a retaining crib wall supports half the height of the slope. At location 6; the 
lower two-thirds of the slope has an inclination of 1.6H to 1,OV; the upper third portion has an 
inclination of 3.5H to 1.OV. 

/ 
\ For purposes of the stability analyses, two slope heights were considered: 20 and 30 feet. A 

uniform slope inclination of 2.0H to 1.OV was assumed. Soil profiles were chosen to represent the 
following subsurface conditions: 

1. 
2. 
3. slopes located in fill 
4. 

slopes located in cohesionless alluvial materials 
slopes located in cohesive alluvial materials 

slopes located in claystone formations, 

Ground water conditions within these slopes were estimated from the contour elevations presented 
on Figure H- 1 and are shown in the profile cross-sections in Addendum H- 1. As can be seen from 
these figures, the ground water table in all cases is at or below the level of the toe of the slope. 
However, to account for possible fluctuations in ground water levels and for purposes of the 
seismic slope stability evaluations, two conditions of the ground water table were conservatively 
assumed within the slope: a water level at a depth of 10 feet below the crest of the slope, and 
another at 20 feet. 

In all, stability analyses were performed on 16 different profiles. 

Stability analyses were performed using the computer program PCSTABL 5M developed at 
Purdue University (Achilleos, 1988). The program uses two-dimensional limit equilibrium 
techniques and the method of slices. These methods include the simplified Bishop method, 
simplified Janbu method, and Spencer's method. Options are available for circular and non- 
circular slip surfaces. Factors of safety were computed using Bishop's simplified method for 
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circular slip surfaces. The program searches for the slip surface with the minimum factor, of 
safety. Three hundred trial surfaces were generated for each slope profile that was analyzed. A 
horizontal seismic coefficient was applied in the analysis and the value that results in a factor of 
safety of one corresponds to the yield seismic coefficient. 

0 \ 

The shear strength parameters used in the stability evaluations were presented' on page H-3 
(Subsurface Site Conditions). The results of the stability analyses for the sixteen different profiles 
evaluated, are presented in Table H-2 in terms of the yield horizontal seismic coefficient. The 
results are presented for four soil profiles, two slope heights, and two assumed depths of the 
ground water table. Computer printouts of the results of the stability computations are presented 
in Addendum H-2 to this report. 

The values of yield seismic coefficient presented in Table H-2 were used in the prkedure 
presented by Makdisi and Seed (1978) to estimate earthquake-induced permanent displacement. 
Charts used in this procedure are shown on Figure H-3 (presented in Seed, 1979). For a given 
potential sliding surface, the ratio of yield seismic coefficient to the maximum induced 
acceleration, ky/k,, is used in the chart to estimate permanent displacement. 

For the pqrposes of this evaluation, three levels of peak ground acceleration: 0.2g, 0.4g, and 0.6g, 
were assumed to occur at the plant site due to a Magnitude 6.5 earthquake occurring on a nearby 
seismic source. The estimated permanent displacements for each slope profile for the postulated 
earthquake ground motions are summarized in Table H-3. The estimates were made using the 
mean curve of Makdisi and Seed (1978) shown on Figure H-3(b). 

The results presented in Table H-3 show that permanent displacements for a 30-foot-high slope 
consisting of sandy and gravelly alluvium, where the water table is conservatively assumed to be 
10 feet below the crest of the slope, range between 2 cm (for'a peak ground acceleration of 0.2 g) 
and about 28 cm (for a peak acceleration level of 0.6 g). The corresponding displacements for a 
20-foot-high slope range from 0 to 3 cm. Alternatively when using shear strength properties 
representative of the sandy/gravelly clay alluvium, estimated displacement for the 30-foot-high 
slope (with a water table at 10 feet depth) range between 0 and 10 cm. Relations showing 
permanent displacements as a function of peak ground acceleration are shown on Figures H-4 and 
H-5. When the water table is assumed at a depth of 20 feet below the crest of the slope, the 
estimated displacements are negligible 

For 30-foot-high slopes comprised of fill, the estimated displacements range from 0 to 16 cm, the 
corresponding displacements for 20-foot-high slopes are 0 to 8 cm (Figure H-6). 

. 

, Estimated displacements for slope profiles in the claystone formation were negligible. It should 
be noted @at although estimated displacements for cut slopes made in the Arapahoe claystone were 
negligible, there may be cases where the slope stability in these formations may be dependent on 
the geometry and orientation of weak bedding planes. However, strength parameters used in the 
stability analyses were based on a conservative estimate of the shear strength of claystone 
measured on "old fracture surfaces." 
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SUMMARY AND CONCLUSIONS 

An assessment was made of the seismic stability of natural and man-made slopes at the Rocky 
Flats Plant site. The assessment involved a review of previous geotechnical studies performed for 
plant facilities. A number of profiles located in areas that exhibit the largest topographic relief and 
steepest slopes were selected for this study. Based on a review of subsurface data, representative 
slope profiles were selected and evaluated for seismic stability. 

Because shear strength properties for the subsurface materials were unknown, shear strength 
parameters used in the stability evaluations were conservatively estimated using published 
correlations with standard penetration test data. For slope profiles located within the claystone 
formations, shear strength parameters were conservatively estimated using results of laboratory 
unconfined compressive strength tests on samples containing "old failure planes." The shear 
strength of the fill material was conservatively selected to reflect the possible existence of random 
uncompacted fill at certain locations. 

The seismic stability of the representative slope profiles was assessed based on their potential to 
undergo permanent displacements under several levels of ground shaking. Peak ground 
acceleration levels of 0.2g, 0.4g and 0.6g were assumed to occur at the plant site during a 
magnitude M 6.5 earthquake originating on a nearby seismic source. 

, 

Estimated permanent displacements were strongly affected by the assumed depth of the water 
table. When assuming a ground water table at a depth of 20 feet below the crest of the slope, 
estimated displacements were generally negligible, except- for the fill slopes where maximum 
displacement ranged between 8 and 16 cm (at a peak acceleration level of 0.6 g). 

When the ground water table is assumed at a depth of 10 feet below the crest of the slope, 
estimated maximum displacements (at a peak acceleration of 0.6 g) for a 30-foot-high slope in 
alluvium material ranged between 10 and 28 cm. The displacements would be manifested in 
surface slumping and sloughing. 

a ( 

It should be noted that because detailed shear strength properties of the subsurface materials are 
lacking, we selected conservative estimates of shear strength parameters for use in the stability 
analyses. 
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Location 

TABLE H-1 

(feet) Slope Subsurface Materials 

CHARACTERISTICS OF SLOPES INVESTIGATED 
AT ROCKY FLATS PLANT SITE 

l .*  East of Building 374 

2. North of Buildings 5 17/5 18 

I Height I I Description of 

30 2.OH: 1 .OV Compacted fill 

30 2.OH: 1.OV with berm at Compacted fill 
I 1/3 height 

4a. West of Building 771 

Avenue south of 

8. South of Building 881 

* Number indicates location of slope on Figure H-2. 
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Profile 

Alluvium (c=O, $ 4 5 " )  
Alluvium (c=0,+=45") 

Alluvium (c=200 psf, @=38 ") 
Alluvium (c=200 psf, @=38") 

Fill 
Fill 

Claystone 
Clay stone 

TABLE H-2 

Yield Seismic Coefficient, k, (g) 

Height Water Level at Water Level at 
(feet) 20 Feet Below 10 Feet Below 

Ground Surface Ground Surface 

30 0.42 0.12 
20 0.49 0.33 

30 0.47 0.23 
20 0.52 0.40 

30 0.17 0.17 
20 0.24 0.24 

30 0.5 1 0.43 
20 0.55 0.5 1 

ESTIMATED YIELD SEISMIC COEFFICIENTS FOR 
SEVERAL SLOPE PROFILES 

I Note: Slope inclination: 2.0H:l.OV 
~ 

" 
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TABLE H-3  

ESTIMATED EARTHQUAKE-INDUCED' PERMANENT DISPLACEMENTS 
AT SEVERAL SLOPE PROFILES 

10 Feet Below 

E11 30 0-16 cm (see Fig. 6-6) 0-16 cm (see Fig. 6-6) 
Fill 20 0-6 cm (see Fig. 6-6) 0-8 cm (see Fig. 6-6) 

Clay stone 30 Negligible Negligible 
* CI aystone 20 Negligible Negligible 

I 

I 

H-14 
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Figure H-3. Computed displacements of embankment dams subjected to magnitude 6 1/2 earthquakes for soils having little 
or no strength loss due to earthquake-induced shaking (from Seed, 1979). 
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I I I I I I I 

Water table at loft below crest of slope 

Slope inclination: 2.OH:l .OV 

- Slope Height: 30ft 

0 .2 .4 .6 .8 

P e d  Ground Acceleration (9) 

Figure H-4. Downslope displacements for slopes in 
cohesionless alluvium during magnitude 6 1/2 earthquake. 
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I 

40 I I I 1 I I I 

Water table at loft  below crest of slope 

Slope inclination: 2.OH: 1 .OV 

- Slope Height: 30ft 
-- Slope Height: 20ft  I 

I 

.2 .4 .6 

,Peak Ground Acceleration (9) ' 

0 
0 

/ 

.0 

J 

, i_ 

Figure H-5. Downslope displacements for slopes in cohesive 
alluvium during magnitude 6 1/2 earthquake. 
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I I I I '  I I 1 

Water table at 10 and 20ft below crest of slope 

Slope inclinaion: 2 . O H : l  .OV 

- - Slope Height: 30ft 
-- Slope Height: 20ft 

0 

I I I 

0 .2 .4 .6 . .0 

Peak Ground Acceleration (9) 

\ 

Figure H-6. Downslope displacements for slopes in fill during magnitude 6 1/2 earthquake. ' ' 
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ADDENDUM H-1 

SOIL PROFILES SELECTED FOR 
EVALUATION OF SEISMIC STABILITY 

I 

H-2 1 
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Figure 1 6A-1 
CROSS-SECTION OF SLOPE AT LOCATION 1 

Rocky Flats Seismic Hazard Study 
' Jefferson County, Colorado Project No. 

I I 2204 
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ADDENDUM H-2 

COMPUTER PRINTOUTS OF SLOPE STABILITY ANALYSES 
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BOUNDARY COORDINATES 

3 !:!at I*:!:: 
Boundary X -  e f t  Y -  e f t  X-R h t  Y - R  h t  

No. ctt, ctt, (I?, (19, IXILTrn 

ISOTROPIC SOIL PARAMETERS 

1 Typecs) of S o i l  

s o i l  T ~ t a l  Saturated Cohesion F r i c t ' o n  Pore Pressure P'ez T pe U n i t  ut. Unit ut. I n t e r  ept A g1e Pressure Const nt SurJaci 
i o .  (pc f )  tpcf) (ps5) Param. (psi) NO. 

i 120.0 120.0 .O 45.0 .OO .O 1 

1 PIEZOHETRIC SURFACE(S) HAVE BEEN SPECIFIED 

Un i t  Ueight o f  Ueter = 62.40 

\, 0 Piezometric Surface No. 1 Spec i f i ed  by 4 Coordinate Points  

Po in t  X-U t e r  Y-U t e r  
No. clt ,  cBt, 

A Hor' onta l  Earthquake onding C o e f f i c i e n t  
Of . 1 / 5  Has Been Assigneh 
8 f V ' 6 6 b ' ~ ~ s E e " : : ~ ~ : ~ ~ g ~ ~ d i n g  C o e f f i c i e n t  . 

Cav i ta t i on  Pressure = .O psf 

A C i t i c a l  F a i l u r e  Surface Sea ch ing ethod Using A Rand 
TecLnique For Ceneraticg C i r c u l a r  Survaces, 'Has Been Specgied. 

500 T r i a l  Surfaces Have B e e n  Generated. 

0 Surfaces I n i t i a t  From Each O f  10 Po in  l l y  spaced 
A?wg The C r o w d  Surface 

Each. Surface Terminates B e t w e  

Unle s ur the r  L i m i t a t i  3 s  Were lnpos he M i n i m  E leva t i on  
A t  UticcI A Surface Exte s 1s Y = 

10.00 ft. L i n e  Segments De f ine  Each T r i a l  F a i l u r e  Surface. 

ad 2 f lkd:88 f : :  
90 It. 

Fol o w n  Are D i s  I a y d  The Ten Most C r i t i c  1 O f  The T r i a l  
Fg i tu re  eurfaces @xemined. They. Are O r d e r A  - Most C r i t i c a l  
F i r s t .  

Safety  Factors Are Ca lcu la ted  By The Modi f ied Bishop Method 

\. Fa i tu re  Surface Spec i f i ed  By 11 Coordinate Points  

9217-COO-204, Rev. 0 
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e 

Y -  urf 
cSt, 

X -  urf 
( f t )  

Point 
no. 

1 
C i r c le  Center A t  X = 65.4 ; Y = 169.4 and R a d i u s ,  72.1 

9.9 1.002 *** 

Indiv idual  date on the 14 s l l ces  

Fa i lu re  Surface Specified By 1 1  Coordinate Points 

Y-  urf 
(St) 

X- urf 
(St) 

Point 
no. 

C l r c l e  Center A t  X = 63.9 ; Y - 177.7 and Radius, 79.8 

*** 1.007 , *** 

Fa i lu re  Surface Specified By 11 Coordinate Points 

(St) y- (St) urf 
Point  X-  urf 
no. 

C l r c l e  Center A t  X = 65.1 ; Y = 174.3 and Radius, 76.8 

*** 1.017 

Fai lu re  Surface Specified By 12 Coordinate Points 

( f t )  I- (St, IJrf 
Point  X -  urf 

no. 

1 
C i rc le  Center A t  X = 63.8 ; Y = 188.8 and R a d i u s ,  92.1 

-char e 
&?!2 

" 
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*** 1.127 *.* 

( 

Fa i l u re  Surface Specified By 12 Coordinete Points  

Po in t  X -  u r f  Y -  u r f  No. (St)  (St, 

' C i r c l e  Center A t  X = 61.7 ; Y 164.5 and R e d i a ,  70.7 

*** 1.128 *** 

F a i l u r e  Surface Speci f ied By 13 Coordinate Po in ts  

Po in t  X -  urf Y -  urf ' 
NO. c # t ,  (St) 

C i r c l e  Center k t  X = 47.5 ; Y = 217.1 and R a d i u s ,  120.4 

*** 1.140 *- ' P , 
F a i l u r e  Surface Speci f ied By 13 Coordinate Po in ts  

Po in t  X- urf Y -  urf 
NO. (#t) cSt ,  

C i r c l e  Center A t  X = 48.9 ; Y = 229.8 and Radius. 131.7 

*** 1.143 *** 

F a i l u r e  Surface Spec i f i ed  By 12 Coordinate Po in ts  

X- urf Y- urf 
(!t) (ft) Po in t  

No. 

C i r c l e  Center A t  X = 70.2 ; Y = 173.5 and Radius, 77.4 

*** 1.145 *** e i 
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F a i l u r e  Surface S p e c i f i e d  By 1 1  Coordinate Points  

I -  u r f  
( 7 t )  

x -  urf 
cSt, 

Point  
no. 

1 
C i r c l e  Center A t  X E 72.5 ; Y = 155.0 a d  Radius, 61.1 ... 1.170 .... 
F a i l u r e  Surface S p e c i f i e d  By 13 Coordinate P o i n t s  

;$,r Y -  urf ” tSt, 
Point  

NO. 

C i r c l e  Center A t  X = 63.3 ; Y = 181.3 and Radius, 86.9 

*** 1.171 *** 

Y A X I S  F T  

.OO 28.60 57.20 85-80 114.40 143.00 
-00 +- - - - - - - - -+ - - - - - - - - -+ - - - - - - - - -+ - - - - * - - - -+ - - - - - - - - -+  ... .. ..... ..... 6 ...... 

....... ....... ......... ““I 28.60 + 

......... 
57.20 

85.80 + 

114.40 : 

143.00 + 

171.60 

200.20 : 

......... 5 ......... ......... ......... fi 
............ .............. .!!iq 

........... .......... ........... .......... 0 ? ..-..“““o Ej. .......... ............ - u  ............ ............. 
................ ................ ................. .................... ................. ............... ............... ............ ............ .......... ........ .... u a  
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** PCSTAELSM ** 
bv . Purdue U n i v e r s i t y  

siGi$!% Jar& srrrpli  Y .Bishop 
o r  Spencer s kethcd o\ glees 

Sta i l i t  An8 s i s - -  

un Da e: ?[86/93 
!,me 01 R u n :  

b83: &I 
R u n  By: 
bc&t F i t e m :  

t Dat Filename: 

PROBLEM DESCRIPTION PCSTABLSM : 30 f t ,  1:2 slope, A l w i u n  2, 
H.UT 

ISOTROPIC SOIL PARAMETERS 

1 Type(s) o f  S o i l  

S o i l  Tota l  Satvrated Cohesion F r i c t ' o n  Pore Pressure P'ez 
T pe Un i t  U t .  U n i t  ut. I n t e r  ept A g1e Pressure Const n t  SurJaci 
i o .  (pcf) ( p c f )  ( p s f )  (am Parem. ps.8) NO. 

1 120.0 120.0 200.0 38.0 .OO .o 1 

1 PIEZWETRIC N R F A C E ( S )  HAVE BEEN SPECIFIED 

Surface No. 1 Spec i f i ed  by 4 Coordinate Points 

X-U t e r  Y-U t e r  ( 8 0  (8 t )  Po in t  
No. 

A Ho ' on ta l  Earthquake oading Coe f f i c i en t  
Of -546 HSS Been A s s i g d  

8 f k 6 6 b C ; l  Eerthquake Lo ing Coe f f i c i en t  

C a v i t a t i o n  Pressure = .O psf 
as Been A s s i g n e f  

A C i t i c a l  F a l l u r e  Sut fac Sea ch ing ethod Using A Ra 
TecLnique For Generating e i r c u r a r  Surraces,'Has Been S a i d .  

300 T r i a l  Surfaces Have Been Genereted. 

0 Surfaces l n i t i a t  F ran  Eech O f  10 Poin l l y  spaced 
A?- The C r o w d  Surface 

Each Surface Terminates Betue 

Unle s u r t h e r  L imi  E e t i  3 s  Uere lrlpos 
A t  UcicK A Surfece x t e  s I s  Y , -  

E : W88 1:: 
he Mininun Elevat ion % It.  

10.00 f t .  L i n e  Segments De f ine  Each T r i a l  Fa i l u re  Surface. 

Are Ois La ed The Ten Most C r i t i c  1-Of The Trig1 
ur faces Ex&ined. They Are O r d e r d  Most C r i t i c a l  

Safety  Factors Are Ca lcu la ted  By The Modi f ied Bishop Method 

I 
\,,-Failure Surface Spec i f i ed  By 11 Coordinate Points  

EGGRF/REPORT/APPENDDH6 , H-37 
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Y -  u r f  
($0 

Point 
NO. 

1 
C i r c le  Center A t  X 0 65.4 ; Y = 169.4 and Radius, 72.1 

0.0 1.021 0.. 

I n d i v i h l  data cn the 14 s l i c e s  

Fa i lu re  Surface Specified By 11 Coordinate Points 

Y- urf 
c S t ,  

X -  urf ( f t )  Point 
No. 

C i r c le  Center A t  X = 65.1 ; Y 

*** 1.022 **. 

74.3 and R a d i u s ,  

Fa i lu re  Surface Specified By 12 Coordinate Points 

Y -  urf 
(St) 

X-  urf 
(St, 

Point 
No. 

1 
C i r c le  Center A t  X = ': 70.2 ; Y = 173.5 end Radius, 

*Oi 1.025 ***. 

Fa i lu re  Surface Specified By 1 1  Coordinate Points 

Y -  u r f  ( f t )  X -  urf A) Point 
No. 

1 j 
Ci rc le  Center A t  X = 63.9 ; Y = 1n.7 and Radius, 

76.8 

77.1 

79.8 

92 17-COO-204, Rev. 0 
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*** 1.030 *** 

F a i l u r e  Surface Specified By 11 Coordinate Points 

Y -  u r f  ( f t )  X -  u r f  ( f t )  Point 
No. 

C i rc le  Center A t  X = 72.5 ; Y = - i S S . O  and R a d i u s ,  

*** I 1.038 *** 

Fai lure Surface Specified By 11 Coordinate Points 

Y-  urf eft, X -  urf 
( I t )  

Point 
No. 

C i rc le  Center A t  X = T7.9 ; Y = 171.0 ,and Radius, 

*** 1.038 *** 

Fai lure Surface Specified By 12 Coordinate Points 

Y -  u r f  
( S t )  

X-  urf 
( I t )  

Point 
NO. 

(. 0 

1 
Ci rc le  Center A t  X = 69.7 ; Y = 189.5 and Radius, 

*** 1.053 *** 

Fa i lu re  Surface Specified By 13 Coordinate Points 

ifti Y-  urf Point  x u f 
(St) No. 

Circ le  Center A t  X = 70.5 ; Y = 169.9 and Radius, 

*** 1.055 *** 

f a i l u r e  Surface Specified By 12 Coordinate Points '. . 

61.1 

73.5 

92.6 

76.6 

H-39 
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' Y -  u r f  
(51, 

x -  urf 
( 5 t )  

P o i n t  
NO. 

C i r c l e  Center A t  X = 65.8 ; Y 188.8 a d  Radius, 92.1 

*** 1.056, *** 

Fa l lurs  surfaco spoclfled BY 12 CoordlMtc Polnts  

;&e 84 " ' Point  ' X u f 
NO. 

C i r c l e  Center A t  X = 78.5 ; Y = 166.0 erd Radius, 71.0 

*** 1.059. *** 

Y A X I S  F 1 .  

-00 28.60 57.20 85-80 114.40 143.00 
-00 +.--------*---------*-----.---+.---~----+---------~ 

. . . .  .. ...... ...... ........ 
28.60 ........ ........ ........ a 

......... ......... 
57.20 ......... ......... ......... .......... .......... .......... 
85.80 : .......... 

114.40 ........... .............. ............. .............. ................ 
143.00 ................ ............... ............... ............ ............ .......... ........ .... 

Y '  : .5 1- .,. 
.*b , 

200.20 

228.80 + 

H-40 
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** PCSTABLSH * *  

Purdue U n i v e r s i t y  
by. 

PRIXLEH DESCRIPTION CSTABLSH : 30 f t ,  1:2 slope, FILL, H. U ! i ,  

Boundary 
no. 

X -  e f t  (tt) Y -  e t (Lf X - R '  ht Ob Y - R '  h t  (19 ,  

ISOTROPIC SOIL PARAMETERS 

1 Type(?,) of S o i l  

f o i l  Total Saturated Cohesion F r i c t ' o n  Pore . Pressure P'ez 
pe unit ut. Un i t  ut. I n t e r  ept  , A g l e  Pressure Const nt S u r l a c i  

$0. ( p c f )  ( p c f )  . (ps'i) (3eg) Parem. (ps!) NO. 

1 120.0 120.0 1000.0 .o .oo .o 1 

1 PlEZCMETRlC SURFACE(S) HAVE BEEM SPECIFIED 

nit Ueight o f  Uater = 62.40 

I ', Piezometric Surface.No. 1 S p e c i f i e d  by 4 Coordinate Points  

Point  X-U t e r  Y-u t e r  
NO. (!t, ( B t )  

8 fHy&on ta l  Earthqueke oading C o e f f i c i e n t  
Has Been A s s l g d  

A Ve 
O f  .66b Has Been A s s i g d  
C a v i t a t i m  Pressure = .O psf 

'ca l  Earthquake Lo d i n g  C o e f f i c i e n t  

A C i t i c a l  F a i l u r e  Surface Sea ch ing 
TecLnique For Generating c i r c u r a r  SurYaces,'Has Been Spec#ied. 

ethod Using A Rand 

300 T r i a l  Surfaces Have Bern GeWr8ted. 

0 Surfaces I n i t i a t  F r a n  Each O f  l! Po in  l l y  Speced A?wg The t r d  Surface 

Each Surface Terminates Betuee 

Unle s ur the r  L im i  a t i o  s Uere lmpos 
A t  UCicf; A Surface E x t e J s  I s  Y = $0 I t .  

i E l S k 8 8  f : :  
he H i n i m m  E leva t ion  

10.00 f t .  L ine Segments De f ine  Each T r i a l  F a i l u r e  Surface. 

Fol ou in  Are D is  la ed The Ten Most C r i t i c  1 Of The Tr ig1 
F a i l u r e  !?urfaces k?xdtned. 
F i r s t .  

l h e y  Are O r d e r d  - Most C r i t i c a l  

Safety  Factors Are Ca lcu la ted  By The H o d l f i e d  Bishop Method * 
F a i l u r e  Surface'Speci!ied By 22 Coordinate Po in ts  

9217-COO-204, Rev. 0 
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I 

7-  urf 
(St, 

X -  urf 
(St, 

Point 
NO. 

1 

.:e 
. .  

I 

i 
j 

* I , 

1 
i 

i 
! 

Circ le  Center A t  X = 83.0 ; Y = 170.6 and Radius, 104.1 

e t t  .wc *- 

Individual data on the 25 s l ices 

Tie l i e  
Force Force 

Fai lure Surface Specified By 23 Coordinate Points 

X-  urf 
(St) 

Point 
no. 

C i r c l e  Center A t  X = 79.4 ; Y = 176.6 and Radius, 111.7 

e.. .945 e** 

Fai lure  Surface Specified By 23 Coordinate Points 

Y-  urf 
cSt, 

X- u r f  
(St, 

Point 
NO. 

_I H-42 
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Circle Center At X = 78.8.; Y = 175.4 and Radius, 109.0 

.997 *+* +*.I 

Failure Surface Specified By 22 Coordinate Points 

point .  X -  urf Y -  urf  
No. (St) (St) 

Circle Center A t  X = . 82.5 ; Y = 172.2 end Radius, 104.8 

Failure Surface Speci 

X-  urf  
(St) 

Point 
NO. 

ied By 22 Coordinate Points 

Y -  ur f  
(St) 

Circle Center A t  X f 81.7 ; Y = 168.0 end Radius, 101.4 

+*+ 1.003 *+* 

Fai lure Surface Specified By 22 Coordinate Points 

(St, y- (St, IJrf 
Point X -  ur f  

NO. 

H-43 



Circle Center A t  X = 77.1 ; Y = 176.4 and Radius, 108.5 

Failure Surface Specified By 20 Coordinate Points 

isti 84 Point x u f  
uo. 

.Circle Center A t  X = 94.0 ; Y = 161.4 a d  Radius, 91.5 

4.0 1.018 .- 
Failure Surface Specified By 20 Coordinate Points 

Y -  u r f  
(Tt) 

X- u r f  
(st) 

Point 
uo. 

Circle Center A t  X = 93.2 ; Y = 165.4 and Redius, 93.6 

Oo0 1.025 

fa i lure  Surface Specified By 20 Coordinate Points 

ist$ Y- urf Point x u f  A) No. 

Circle Center A t  X = 88.1 ; Y = 168.0 and Radius, 96.5 ' 

92 17-COO-204, Rev. 0 
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*** 1.027 *** 

i a i e i l u r e  Surface Specified By 21 Coordinate Points 

Point X-  urf 
NO. (St, 

C i r c l e  Center A t  X = 

. *e* 1.037 

Y \ 

X 

X 

I 

S 

Y -  u f 
cSt! 

02.1 ; Y a 162.4 and Radius, 93.0 

*** 

A X I S  F T  

28.60 i . 

57.20 

85.80 i 

114.40 i 

143.00 

171.60 I 

200.20 : 

228.80 : 

&y: 10 : : : 
...... ...... ....... i ........ ......... ........... .......... ............ ........... ............. ............. .............. .............. .............. ............... ................ ................. ................ $: : : : : : : : : : : :: : 

......... ......... 

.. 

. .  

? 
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** PCSTABLSH 

by. Pur& U n i v e r s i t y  

PROBLEM DESCRIPTION PCST BLSH : 30 f t ,  1:2 slope, CLAYSTONE, 
H. b T  

BWNDARY COORDINATES 

Boradery ' X e t Y -  e t X-R ht Y - R  ht 
NO. ittf (ttf (19, (14, I%'m 

ISOTROPIC SOIL PARAMETERS 

1 Type(s) of s o i l  

S o i l  Tota l  Saturated Cohesion F r i c t ' o n  Pore Pressure P'ez 

'E (pcf)  (pcf) ( p s t )  (2,) Perm. (ps$) No. 

1 130.0 130.0 1000.0 20.0 .OO .o 1 

U n i t  ut. unit ut. I n t e r  ept A l e  Pressure const nt S u r l e c i  

1 PIEZWETRIC SURFACE(S1 HAVE BEEN SPECIFIED 

U n i t  Weight o f  Water = 62.40 

P iezane t r i c  Surface No. 1 S p c i f i e d  4 Coordinate Po in ts  

X-W t e r  Y-U t e r  
(?t) (?t 1 

P o i n t  
No. 

A Ho . onta l  Esrthqugke oading C o e f f i c i e n t  
O f  . Z I T  Has Been A s s i g d  
6 f V ' 6 6 d ' ~ a s E e " ~ ~ ~ ~ ~ g ~ d i n g  C o e f f i c i e n t  

C a v i t a t i o n  Pressure = . .O psf 

, 

A C i t i c a l  F a i l u r e  Surface Sea ch ing  ethod Using A Ra 
Te&iique For Generating C i r c u l a r  Survaces, 'Has Been Sp%ied. 

300 T r i a l  Surfaces Have Been Generated. 

0 Surfaces l n i t i a t  Fran Each O f  lo Po in  I l y  spaced A?- The Ground Surface 

Each Surfece Terminates Betwee 

Unless u r t h e r  L lm i  a t i  s Were lnpos he M i n i m  E leve t i on  
A t  whicK A Surface E x t e Z ~  i s  Y = 

ad , P E 1&88 f : :  
96 It. 

10.00 f t .  L ine  Segments De f ine  Each T r i a l  F e i l u r e  Surface. 

F o l / o u i T  Are Ois  l a  ed The F ~ I  u r e  ur faces Pxdined.  !& Are Order4 Most C r i t i c a l  
F i r s t .  

Sa fe ty  Factors  Are Calcu lated By The M o d i f i e d  Bishop Method 

Most C r i t i c  1-Of The T r ig1  

F a l l u r e  Surface Spec i f i ed  By 21 Coordinate Po in ts  

i. 

i 0 

EGGRFmEPORTlAPPENDaLH6 H-46 
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s 

x -  urf 
cTt, 

I -  urf 
(7t )  

Circle Center At X = 

*** 1.005 

83.7 ; y = 185.9 and Radius, 111.2 ... 
Individual data on the 24 sl ices 

Failure Surface Specified By 23 Coordinate Points 

X- urf Y- urf 
J t )  ( f t )  

Point 
No. 

Circle Center A t  X = 79.4 ; Y = 178.6 and Redius, 111.7 

*** 1.005 **- 

Fai lure Surface Specified By 22 Coordinate Points 

Y- ur f  
(St) 

X-  ur f  
( f t )  

Point 
No. 

EGGRF/REFORT/APPENDIX.H6 H-47 



Circ le  Center A t  X = 74.9 ; Y = 164.3 and Radius, 112.7 

*** 1.010 +** 

Fai lure Surface Specif ied By 21 Coordinate Points 

x u f  
(St, ih! I- urf 

Point 
No. 

C i rc le  Center A t  X = TI.& ; Y = 206.0' and Rndius, 127.4 

+** 1.011 *** 

Fa i lure  Surface Specified By 25 Coordinate Points 

Y-  urf 
(St, 

X- urf A, Point 
No. 

1 

1 
Circ le  Center A t  X = 78.8 ; Y = 17S.C and Radius, 109.0 

**+ 1.012 *- 

Fa i lure  Surface Spccffied By 22 Coordinate Points 

(ft,  y- (Tt urf 1 
Point X- urf 

No. 

1 

H-48 
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Circ le  Center A t  X = 77.1 ; Y = 176.6 end Radius,  108.5 

*** 1.014 +** 

Fai lure Surface Specified By 21 Coordinate Points 

x-  u f Y -  urf 
(St! (St) 

Point 
No. 

Circ le  Center A t  X = 78.5 ; Y = 179.3 and Radius, 107.0 

1.016'' *+a 

Fai lure Surface Specified By 21 Coordinate Points 

Y- urf 
( S t )  

X -  u r f  
(St, 

Point 
No. 

C i r c l e  Center A t  X = 72.4 ; Y = 197.9 and Radius, 121.8 

*** 1.016 +** 

Fai lure Surface Specified BY 19 'Coordinate Points 

Y -  urf 
(It, 

X- urf 
(St, 

Point 
No. 

' 1  

I 
, 

i r c l e  Center A t  X = 84.6 ; Y = 184.6 and Redius, 106.6 

*** 1.018 *** (. 

H-49 
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** PCSTABLSM ** 

PROBLEM DESCRIPTION PCST BL5H : 30 f t ,  1:2 s1ope;Aluviun 1, 
1. E T  

ISOTROPIC SOIL' PARMETERS 

1 ~ype(s) of .Soi1.  

S o i l  Tota l  Satureted Cohesion F r i c t ' o n  Pore Pressure P 'er  
T pe Un i t  ut. U n i t  ut. I n t e r  ept A g te  Pressure Const nt SurJac i  

i o .  (pet) (pcf) (pst)  (2eg) Perm. (ps8) NO. 

1 120.0 120.0 .O 4 S . O .  .OO .o 

1 PIEZOMETRIC SURFACECS) H A M  BEEN SPECIFIED 

U n i t  Weight o f  Ueter = 62.40 

Surface No. 1 Spec i f i ed  by 2 Coordinnte Points  

X-U t e r  Y-U t e r  ( 8 0  (8 t )  

3 ieo:88 188:88 
Po in t  

NO. 

A no r '  on ta l  Earthqugke oeding Coe f f i c i en t  
Of .418 Has Been A s s i g d  
8 f V f 6 6 b ' f ; ~ s E ~ ~ : ~ ~ ~ ~ r , ~ d i n g  C o e f f i c i e n t  

C e v i t a t i o n  Pressure = .O psf 

1 

A C i t i c e 1  F e i l u r e  Suyface.Se8 ch ing ethod, Using A Rend 
TecLnique For Generating C i r cu ra r  Surreces, Hes Been SpeCgied. 

300 T r i a l  Surfeces Have B e e 0  Generated. \ 

A l o n g  The G r o v d  Surfece B e t w a  E 
Each Surface T e n i n n t e s  Betwe 

Unle $ u r t h e r  L i m i t e t i  3 s  Were lnpos 
A t  Uf;icl! A Surface Exte s Is Y = 

10.00 ft. L ine Segments Def ine Eech lrlal F a i l u r e  Surface. 

0 Surfeces l n i t i a t  From Each O f  l! Poin 

,a E : W88 #k 
he M i n i m  E leva t ion  $86 It. 

Fo\ ou in  Are D i s  l a  4 The Ten Most C r i t i c  ( - O f  The T y i e l  
Fg i tu re '& r feces  gr&ined. They Are D r d e r d  Most C r i t i c a l  
F i r s t .  

Sa fe t i .Fac to rs  Are Celcu leted By The Mcdlfied Bishop nethod 

a l l u r e  Surface Spec i f i ed  By 14 Coordinate P o i n t s  

i 

H-5 1 
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7-  urf 

( 7 t )  
x -  urf 
(7t )  

Point  
NO. 

Circle Center A t  X = 44.7 ; Y = 217.5 and Radius, 121.7 

e.. 1.004 e** 

lndividuel data on the 16 slices 

Failure Surface Specified By 14 Coordinate Points 

Y-  uri (It) X- u r f  (It, Point 
No. 

Circ le  Center At  X = 43.3 ; Y = 223.4 and Radius, 127.1 

Fai lure Surface Specified' By 15 Coordinate Points 

X-  u r f  
(St, 

Point  
No. 

Ci rc le  Center A t  X = 33.6 ; Y = 243.9' and R a d i u s ,  147.8 

e.. 1.0M *e* 

Fai lure Surface Specified By 13 Coordinate Points 

ijt1 Y -  ur f  
(St, 

Point 
NO. 

H-52 
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Circ le  Center A t  X = 47.5 ; Y = 217.1 and Radius, 120.4 

**. 1.010 *** 

Fai lure Surface Specified By 14 Coordinate Points 

(St, iSt5 y-  urf 
x u f  Point 

No. 

C i rc le  Center A t  X = 49.9 ; Y = 194.9 and R a d i u s ,  101.8 

*** 1.010 *** 

Failure Surface Specified By 14 Coordinate Points 

(St, y-  (St, urf 
Point X- urf 

No. 

Circ le  Center A t  X = 54.6 ; ' Y  = 182.0 and Radius, 89.1 

*** 1.014 *** 
1 

Fa i lu re  Surface Specified By 14 Coordinate Points 

Y -  urf 
(St) 

X- urf 
(St) 

Point 
No. 

C i rc le  Center A t  X 51.1 ; Y = 208.2 end Radius, 112.6 , 

..i 1.021 *** 

Fai lure Surface Specified By 12 Coordinate Points 

X -  urf Y -  urf 
(St) (St) 

Point 
No. 

H-53 
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. _  
Circle Center A t  X = 61.7 ; I 164.5 end Redius, 70.7 

*ao 1.028 *** 

Failure Surface Specified By 14 Coordinate Points 

Y -  urf 
(St, 

Point 
YO. 

Circle Center A t  X = 37.2 ; Y 0 262.7 end Radius, 164.5 

eo. 1.029 e.. 

Failure Surface Specified.By 14 Coordinete Points 

X -  urf Y-  urf 
(St, ' cf t ,  

Point 
No. 

Circle Center A t  X = '57.4 ; Y = 175.4 end Radius, 84.3 

1.037 

28.60 4 

57.20 i 

85-80 4 

114.40 

143.00 i 

171.60 4 

:::: 4 ...... ..... 

........ ........ ........ ........ .......... .......... 
e 4 

........... . .  ........... ............ ........... ............. ............. .............. ............... ................ ................ 
................. .................. ................. ............... ............... ............ ............ .......... ........ .... U A 
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.* PCSTABLSH *. 

Pur& U n i v e r s i t y  
by.  

R u n  T i m e  Oa of e -  Run: p i p 9 3  

khI:rt :kl 
R u n  By: 
&ut Datp F i l e p e w :  

put f i  e m .  

PROBLEM DESCRIPTION PCSTABLSH : 30 f t ,  1:2 S l o p e ,  Aluv iun 2,  Lou.UT 

ISOTROPIC SOIL PARMETERS 

1 T y p e ( S )  o f  S o i l  

S o i l  Tota l  Saturated Cohesion F r i c t ' o n  Pore Pressure ' P  ez. 
A g I e  Pressure Const nt Surface 

1 120.0 120.0 200.0 38.0 -00 .O 1 

U n i t  ut. U n i t  ut. I n t e r  ept 'E? (pcf)  (pcf) ( p s f )  Parem. (ps7) NO. 

1 PIEZMETRIC SURFACE(S) HAVE BEEN SPECIFIED 

U n i t  Neight o f  Uater  = 62.40 
.I 

Piezane t r i c  Surface No. 

X-U t e r  
(Bt) 

i i d 8  
Po in t  

No. 

1 Spec i f i ed  by 2 Coordinate Po in ts  

p d i n g  c o e f f i c i e n t  A Mor' ontal  Earthqueke 
Of .cM Has Been Ass ign 

B r V ' 6 6 b c a ~ , E t : : t ~ ~ ~ , ~ d i  ng Coef f i c i mt 

C a v i t a t i o n  Pressure = .O psf 

A C i t i c a l  F a i l u r e  Sur face Sea ch ing 
TecAnique For Generating C i r c u r e r  Surraces, 'Has Been Specyied.  

300 T r i a l  Surfaces Have Been Generated. 

ethod Using A Rand 

0 Surfaces l n i t i a t  From Each Of lc Poin Lly spaced ATOW The C r o w d  Sur face 

Each Surface Terminates Betwee 

XJlp [u r the r  L i m i i a t i g s  Were 1 ~ s  

. a d  P : l&88 f : :  
he M i n i m  E l e v a t i o n  

i c  A sur face x t e  s 1s Y - 96 It. 

10.00 f t .  L i n e  Segments D e f i n e  Each T r i a l  F a i l u r e  Surface. 

[;\ t;;yu$;~c~~s~;w$ci~~e {p,M;;: gt-iE!tl - O f  The T r ig1  

F i r s t .  

Safety  Factors  Arc Ca lcu la ted  By The Hod i f i ed  Bishop Method 

F a i l u r e  Surface S p e c i f i e d  By 17 Coordinate Po in ts  

Host C r i t i c a l  

EGGRFnZEPORTIAPPENDDH6 H-56 



circle Center A t  X = 56.9 ; Y = 189.7 and Radius, 102.8 

*** 1.001 -** 

Individual date cn the 19 sl ices 

Fai lure Surface Specified By 17 Coordinate Points 

1 

Circle Center At X = 59.6 ; Y = 189.9 and Radius, 1U.3 

*** 1.002 

Fai lure Surface Spec 

X-  urf  
(Tt, 

Point 
No. 

.*. 

lid By 18 Coordinate Points 

Y- ur f  Jt) 

i r c l e  Center At X = 58.6 ; Y = 195.4 and Radius, 112.0 Y *** 1.003 *** 
[ 
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Fa i lure  Surface Specified By 17 Coordinate Points  

Y -  u r f  
(? t )  

X -  u r f  
( ? t )  

Point 
No. 

C l r c l e  Center A t  X = 53.1 ; Y = 188.8 and R a d i u s ,  103.6 

*+* 1.003 **+ 

Fa i lure  Surface Specified By 15 Coordinate Points 

Y-  u r f  
(Tt) 

X-  u r f  
(St) 

Polnt 
No. 

C i r c l e  Center A t  X = 57.9 ; Y = 183.4 and Radius, 94.6 

*** 1.005 **e 

Fa i lure  Surface Specified By 17 Coordinate Points 

Y-  u r f  
(St, 

X-  u r f  &) Point  
NO. 

C i r c l e  Center A t  X = 52.0 ; Y = 187.4 and Radius ,  101.7 

*- 1.006 *** 

f a i l u r e  Surface Specified By 16 Coordinate Points 

Y-  u r f  
(St, 

X-  u r f  (It, Point  
wo. 

H-58 
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Fa i lure  Surface Specified 'By 15 Coordinate Points 

X -  u r f  Y u f I 

(St, ;St5 
Point 

No. 

C i r c l e  Center A t  X = 63.0 ; Y = 180.8 and Redius, 

*.* 1.008 *e* 

Fa i lure  Surface Specified By 19 Coordinate Points 

Y-  u r f  
( I t ,  

X- u r f  (It, Point 
NO. 

C i r c l e  Center A t  X = 6 .2 ; Y = 195.4 and Radius, 

*** 1.010 *** 

Fa i lure  Surface Specif ied By 18 Coordinate Points 

Y-  u r f  
(St, 

X- u r f  
cIt, 

Point 
No. 

C i r c l e  Center A t  X = 63.9 ; Y = 195.0 and Radius, 

*** 1.011 *** 

Y A X I S  

92.5 

91.7 

113. I 

110.9 

F T  

-00 28.60 57.20 85.80 114.40 143.00 

H-59 



A 57.20 

x 85.80 f 

I 114.40 f 

s 1L5.00 

171.60 

F 200.20 

1 228.60 

::: ;i::: 

....... 3 k::. . .  

.......... p,t jj" 
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....... 3 ............ 
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! e 

Fo( o w n  Are D is  l a y 4  The Ten Most C r i t i c  [-Of The T r i e l  
Fgiture Burfaces Exmined. l h e y  Are Order4 Host C r i t i c a l  

I F i r s t .  

**  PCSTABLSM ** 
by. Pur& U n i v e r s i t y  

PROBLEM DESCRIPTION PC TABLSM : 30 f t ,  1:2 slope, FILL, Low. 
US 

ISOTROPIC SOIL PARAMETERS 

1 Type(s) o f  S o i l  

S o i l  To ta l  Saturated Cohesion F r i c t ' o n  Pore Pressure P.er 
T pe Unit ut. U n i t  ut. I n t e r  ept  

1 120.0 120.0 1000.0 .o .oo .o 1 

A g l e  Pressure Const nt S u r l e c i  
i o .  (pcf) (pcf) (ps'i) d e g )  Param. >(ps$)  NO. 

1 PIEZOHETRIC SURFACE(S1 HAVE BEEN SPECIFIED I 
nit Weight o f  Uater = 62.20 I @  

( ' ierometr ic  Surface No. 1 Spec i f i ed  by 2 Coordinate Points 

X-U t r I - U  t e r  
(Ptf (PC) 

1 rso:88 188:88 
Point  

LO - 

A Hor'  on ta l  Earthqugke d i n g  C o e f f i c i e n t  
Of .l&! Has Been A s s i g d  
8 f V e s a 6 c r l a s E ~ ~ : ~ s ~ ~ ~ g ~ ~ d i n g  C o e f f i c i e n t  

C a v i t a t i o n  Pressure = .O psf 

A C i t i c a l  F a i l u r e  Surface Sea ching ethod, Using A Rand 
TecAnique For Generating C i r c u l a r  Surraces, Has Been Spec8ied. 

300 T r i a l  Surfaces Have Been Generated. 

1 

0 Surfaces I n i t i a t  F r a n  Each Df l! Poin l l y  spaced 
Afong The C r d  Surtece 

I 3 P lBk88: f : :  Each Surface Terminates Betw 

X ; 1 t c ~ , ~ u ~ t : ~ F f Z ~ i ~ ~ ~ ~ ~  ~ r e y l y s e j b  M i n i m  Elevat ion 

10.00 f t .  L ine  Segments De f ine  Each T r i a l  F a i l u r e  Surface. 

' Safe ty  Factors Are Calcu lated By The Modi f ied Bishop Method .. ' a i l u r e  Surface Spec i f i ed  By 22 Coordinate Points  
!> 

EGGRFREPORTIAPPENDDLH6 
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.I. . _  

'I- urf A) X -  u r f  
(St) 

Point 
NO. 

C l r c l e  Center A t  X = 83.0 ; Y = 170.6 and Radius, 104.1 

.ppc *** .*. 
Individual  data on the 24 sl ices 

Width 
Ft  

Fa i lu re  Surface Specified By 23 Coordinate Points 

Y -  u r f  
( f t )  

X- u r f  
(Ot, 

Point  
No. 

C i r c l e  Center A t  X = TP.4 ; Y = 170.6 and Radius, 111.7 

.995 *** .*. 

Fa i lure  Surface Specified By 23 Coordinate Points 

X-  u r f  7 -  u r f  
( f t )  ( I t ,  

Point  
No. 

9217-COO-204, Rev. 0 
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'Circle Center A t  X = 78.8 ; Y = 175.6 and Radius, 109.0 

.997 *** t.. 

Failure' Surface Specified By 22 Coordinate Points 

Y-  ur f  
(St) 

Polnt x u f  
No., 8,s  

Circle Center A t  X , =  82.5 ; Y = 172.2 and Radius, 104.8 

.999 9.- .t. 

ei lure Surface Specified By 22 Coordinate Points (. 
Y -  ur f  
(St) 

Point X- ur f  
No. , (St) 

Circle Center A t  X 81.7 ; Y = 168.0 end Radius, 101.4 

*.* 1.003 *** 

Failure Surface Specified By 22 Coordinate Points . 

I- urf 
(St) 

X- ur f  
(St) 

Point 
No. 

92 17-COO-204, Rev. 0 
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Fai lure Surface Specified By 20 Coordinate Points 
, .  

Y -  u r f  (L) X- urf  
cSt, 

Point 
NO. 

Circle Center A t  X = 94.0 ; Y = 161.4 and Radius, 91.5 

=** 1.018 *** 

Failure Surface Specified By 20 Coordinate Points 

X-  urf  
(?t) 

Point 
No. 

Y -  urf 
( f t )  

Circ le  Center A t  X = 

.=* 1.026 

93.2 ; Y = 165.6 and Radius, 93.6 

**e 

Fai lure Surface Specified By 20 Coordinate Points 

Y- u r f  
(St) 

X- urf  
ctt, 

Point 
No. 

Ci rc le  Center A t  X = 88.1 ; Y = 168.0 end Radius, 96.5 

*** 1.027 *** 

EGGRFIREWRTIAPPENDDCH6 H-64 
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ai lure Surface Specified av 2 1  coordinate Points 

x -  u r f  
No. ('it, 

Y -  u f clt i  

Circle Center A t  X = 

*** 1.037 

X 

Y 

82.1 ; y = 162.4 and Radius, 93.0 

e.. 

A X I S  F T  

28.60 + 

A 57-20 + 

( x 85.80 + 

1 114.40 + 

S 143.00 

171.60 + 

F 200.20 

T 228.80 

...... ....... ........ c 

. .............. .............. .............. ............... ................ ................. ................ $*: ,fq;qb.""..". : : : : : : : : : : : :I 
......... ......... 
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** PCSTABLSM ** 

bv. 
Pur& un ivers i ty  

Sta i l i t  A e s i s - -  
Jao& Sr$i f'ef. 8 i shop s i&.i 

or Spencer s heth o S ices 

PROBLEM DESCRIPTION PCST BLSM : SO f t ,  1:2 slope, CLAYSTONE, L. E T  

BOUWDARY COORDINATES 

3 IZFai E%f~~ 
No. dtf Ot) (19) 09, e":itTx13 B o v d a r y  X-  e t , Y -  e f t  X - R '  h t  Y - R -  h t  

ISOTROPIC SOIL PARAMETERS 

1 ~ y p e ( s )  of  s o i l  

s o i l  Total Saturated Cohesion Fr ic t 'on  Pore Pressure P'er 
Un i t  ut. Un i t  ut. I n te r  ept A g1e Pressure Const n t  SurJeci 

(pc f )  (pcf)  (psi) (a,) Perem. (ps7) NO. 

1 120.0 120.0 1000.0 20.0 .oo .o 1 

1 PIEZOMETRIC SURFACE(S) HAVE BEEN SPECIFIED 

Un i t  Ueight of Water = 62.40 

P i e z a n t r i c  Surface Wo. 1 speci f ied by 2 Coordinate Points 

Point  ' X-U t e r  Y-u t e r  
No. (!t) (Ft) 

i ia0:Il  ' 188:88 
ontal  Earthqueke oading Coeff ic ient  

'cat Earthquake Lo ding Coeff ic ient  
8fH%j Has Been A s s i g d  

A Ve 
O f  .66b Has Been A S S I ~ ~  

Cavitat ion Pressure = .O psf 

A C ( t i c a l  Fa i l u re  SuCface.Sea ching ethod, Using A Re 
Tec in iqw For Generating Circufar, Survaces, Has Been Spe9 ied .  

300 T r i a l  Surfaces Have Been Generated. 

A?- The Grand Surface Betwe 

Each Surface Terminates Bet 

l p l e  s 

10.00 f t .  L ine  Segmnts Define Each T r i a l  Fc i lu re  Surface. 

0 Surfeces l n i t i a t  From Each O f  10 Poin l l y  spaced 

ur ther  Limi a t i o  s Were lmpos he M i n i m  Elevat ion 
t uticL A Surface ExteA 1s Y = % It. 

Fo( ouin Are Ois  l a y d  The 
~ g i  ture Burfaces E x e m i d .  
F i rs t .  

Ten Most 
They Are  

Of The Tr ig1  - Most C r i t i c a l  

Safety Factors Are Calculated By The Modified Bishop Method 

Fa i lu re  Surface Speci f ied By 23 Coordinate Points 

H-66 



9217-’COO-204, Rev. 0 

i 

P a i n t  Y -  urf 
A t )  

Circle Center At X 3: 79.4 ; Y = 178.6 and Radius, 111.7 

+++ 1.003 +++ 

lndividuel data on the 25 slices 

ice Width 
Water Uater 
Force Force 

Lb;(if 1 

Tie l i e  
Force Force 

Failure Surface Specified By 23 Coordinate Points 

X- ur f  ., Y- ur f  
(St, (St, 

Point 
No. 

. Circle Center A t  X = 78.8 ; Y = 175.4 and Radius, 109.0 

+*+ 1.009 ++* 

Failure Surface Specified By 22 Coordinate Points 

Y-  ur f  
&t, 

X-  ur f  
(#t) 

Point 
No. 

H-67 
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Circle Center A t  x = 77.1 ; Y 176.4 and Rdius,  108.5 

*** 1.015 *** 

t 

Failure Surface S p e c i f i d  By 22 C w r d i M t e  Points 

1 

Y u f  
iSt5 

x- ur f  
a t )  

Point 
YO. 

Circle Center A t  X = 74.9 ; Y 184.3 and Radius, 112.7 

*** 1.014 .- 
Failure Surface Specified By 22 Coordinate Points 

X- ur f  ' Y-  u r f  
(S t )  (St, 

Point 
YO. 

C i rc le  Center A t  X = 82.5 ; Y = 172.2 and Radius, 104.8 

*** 1.021 *** 

Fai lure Surface Specified By 22 Coordinate Points 

I- urf  
( 5 t )  

X- u r f  
(St, 

Point 
No. 

H-68 
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1 

- C i r c l e  Center A t  X = 83.0 ; Y = 170.6 and Redius, 106.1 

*** 1.023 *** 

Fa i lure  Surface Specified By 21 Coordinate Points 

(Tt) iTt! y- urf 
x u f  P o i n t  

No. 

C i r c l e  Center A t  X = 83.7 ; Y = 185.9 end Redius, 111.2 

*** 1.024 *** 

Fe i lure  Surface Specified By 21 Coordinate Points 

Y-  u r f  
(Tt, '. , 

X- u r f  
(Tt) 

Point 
No. 

C i r c l e  Center A t  X = 78.5 ; Y = 179.5 and Radius, 107.0 

*** 1.026 *** 

I 

Fe i lure  Surface Specified By 22 Coordinate Points 

Y-  urf 
(St) 

Point X- u r f  
No. (St, 

EGGRF/REPORT/APPENDD.H6 H-69 
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*** 1.029 *** 

Failure Surface Specified By 21 Coordinate Points 

X -  urf 
( S t )  

Polnt 
no. 

Y -  urf 
(St) 

C i rc le  Center A t  X = 

*** 1.029 

Y 

72.4 ; Y a 197.9 and Radius, 121.8 

..e 

A X I S  F T  

x 

........... ............. .............. b .............. 
............. 

200.20 : 

228.80 : 
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** PCSTAELSH ** 

Pur& Uni vers i t y  
by 

PROBLEH DESCRIPTION PCSTAE 5M : 20 f t ,  1:2 slope, ALLUVIUM 1 
' , H. U t  

I 

1 i. 

ISOTROPIC SOIL PARAMETERS 

1 Type(s) of S o i l  

So i l  T w a l  Saturated Cohesion F r i c t  00 Pore Pressure P'er r pe U n i t  ut. unit ut. I n t e r  ept A g l e  Pressure Const nt SurIec; 
Zo. (pcf )  (pcf) (ps'i) (aeg) Parem. (ps8) NO. 

.O 45.0 .OO .O 1 1 120.0 120.0 

1 PIEZWETRIC SURFACE(S) HAVE BEEN SPECIFIED 

Un i t  Weight o f  Uater = 62.40 

P ie rane t r i c  Surface No. 1 Spec i f i ed  by 4 Coordinate Po in ts  

Po in t '  X - V  t e r  Y-u t e r  
No. (!t) (8 t )  

&H:$.&o;;: LB~gt&uy~~edi ng Coef f i cienr  

s f V e 6 a d c a ~ , E ~ : : ~ ~ ~ ~ p g ~ d i n g  Coef f i c ient 

Cav i ta t i on  Pressure = .O psf 

A C i t i c e t  F e i l u r e  Surface'See ch ing  ethod Using A Rand 
Iec/;nique For Generating C i r c u l a r  Survaces, 'Has Been Specqied.  

300 T r i e l  Surfaces Have Been Generated. 

1 

l l y  spaced 0 Surfaces l n i t l a t  Fran Each O f  1: Poin 
A?ong I h e  G r o u n d  Surface Betue 

Each Surfece Terminates Betuee 

Unle 5 u r t h e r  L im i  a t i  s Were lnpos he M i n i m  E l e v a t i w ,  
A t  d ic t !  A Surface E x t e a s  Is Y = 

10.00 f t .  L ine  Segments De f ine  Each T r i a l  F a i l u r e  Surface. 

aCd . E 1ik88 f : :  
%I It. 

Fotlowi? Are D i s  la 4 The Ten Most C r i t i c  1 Of The Triol 
F a i  ure  ur faces &dined. 
F i r s t .  

They Are O r d e r 4  - Host C r i t i c a l  

Sefety  Factors  Are Ca lcu la ted  By The M o d i f i e d  Bishop Method 

9217-COO-204, Rev. 0 
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Y -  urf 
( 7 0  

X- urf  J t ,  Point 
NO. 

1 
Circ le  Center A t  X = 53.1 ; Y = 214.7 and Radius, 117.8 

0.. .990 *** 

Individual data on the 15 sl ices 

r l i e  l i e  
e Force Force ' 

Fai lure Surface Specified By 9 Coordinete Points 

Y-' ur f  
(St) 

x- urf  
(St, 

Point 
No. 

Ci rc le  Center A t  X = 71.6 ; Y = 163.9 and Rdius,  66.8 

-999 *** e.. 

1 
Fai lure Surface Specified By 11 Coordinate Points 

Y -  u r f  
(St) 

X- ur f  
(St) 

Point 
No. 

Circ le  Center A t  X = 64.5 ; Y = 172.3 and Radius, 76.9 

*** 1.003 *** 

Fal lure Surface Specified By 13 Coordinate Points 

Y-  urf 
(St) 

X -  urf 
cTt, 

Polnt 
NO. 

H-72 



Circ le  Center  A t  X i 55.9 ; Y = 201.2 ond Radius, 

*** 1.022 ***  
( 0 

Fai lure Surface Specified By 13 Coordinate Points 

P o i n t  X -  ur f  Y u f 
NO. (Tt, i f 4  

Ci rc le  Center A t  X n 57.4 ; Y = 183.9 and Radius, 

f e i l u re  Surface Specified By 10 coordinate Points , 

Y -  urf 
(St) 

point  X- ur f  , 

No. ( f t )  

C i rc le  Center A t  X = 62.9 ; Y = 201.8 a@ Radius, 

**I 1.028 *** e t. Fai lure Surface Specified By 10 Coordinate Points 

X- urf Y-  urf 
c f t ,  (It, 

Point 
NO. 

Circ le  Center A t  X = 67.6 ; Y = 187.3 end Redius, 

*.lr 1.033 *** 

fe f l u re  Surface Specified By 10 Coordinate Points 

X- urf Y-  urf 
(It) at,  

Point No. 

1 
C i rc le  Center A t  X = 66.5 ; Y 192.3 and Radius, 

*** 1.036 *** 

f a i l u r e  Surface Specified By 9 Coordinate Points 

X- urf ' Y-  urf 
( f t )  (Tt) 

Point 
NO. 

107.5 

92.0 

\ 

103.2 

89.9 

94.6 

9217-COO-204, Rev. 0 
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Circ le  Center A t  X = 72.2 ; Y = 170.8 and Radius, 73.5 

*** 1.037 *** 

Fa i lure  Surface Specified By 14 Coordinate Points 

I-  u r f  
(? t )  

x -  u r f  
(St) 

Point  
no. 

C i rc le  Center A t  X = 53.9 ; Y = 206.8 and Radius, 114.3 

*** 1.050 *** 

Y A X I S  F T  

X 
.OO 26-40 52.80 79.20 105.60 132.00 

26.40 + 

52.80 

79.20 : 

105 -60.  : 
. -  

132.00 + 

158.40 : 

184.80 + 

211.20 : 

. ::-g .... 
. :.:::? .... 

..*.........';I, .......... 

................ 4$ 

...... ....... ....... ........ ......... i'i: ......... ........... .......... ......... -34 ........... 1. ........... 4 . v  

............... 9 
............ ............. ............... ............... 
............... ................ 
................. ................. ................. ................ ............... .............. ............ ........... .......... ........ ...... 

G"L 
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** PCSTABLSM ** 

Pur& u n i v e r s i t y  by. 

PROBLEM DESCRIPTION PCSTABLSH : 20 f t ,  1:2 stope, ALLU. 2 ,  H 
* UT 

BWNDARY COOROINATES 

3 !:!el IzEk:lxz 
B-ry X- e f t  ' ctt, 

ISOTROPIC SOIL PARAMETERS 

1 Type(s) o f  s o i l  

S o i l  Tota l  Saturated Cohesion F r i c t ' o n  Pore Pressure P-ez. 
T pe unit ut. U n l t  ut. In  er  ept A g l e  Pressure Const nt Surlace 

$0. (pc f )  (pc f )  Ips!) d e g )  Parem. (psil) NO. 

1 120.0 120.0 200.0 38.0 .OO .o 1 

1 PIEZMETRIC SURFACE(S) HAVE BEEN SPECIFIED 

n i t  Ueight o f  Uater = 62.40 

(. Piezometric Surface No. 1 Spec i f i ed  by 4 Coordinate Points  

X-U t e r  Y-U t e r  ( 8 t )  cB t ,  
Po in t  

No. 

A Hor' on ta l  Eerthqueke oeding C o e f f i c i e n t  
Of -416 Has Been Assign&. 
8fV56p;l  Earthquake Lo d i n g  Coe f f i c i en t  

as Been A s s i g d  

C a v i t a t i o n  Pressure = .O psf 

A C i t i c a l  F a i l u r e  SuCface.Sea ch ing ethod, Using A Rend 
TecAnique For Generating C i r c u l a r  Suryaces, Has Been SpecTied. 

300 T r i a l  Surfaces Have Been Generated. 

0 Surfaces l n i t i e t  From Each Of 10 Po in  l l y  spaced 
Afong The Grand Surface 

Each Surface Terminates Betuee 

Unle s u r t h e r  L i m i t a t i  s Uere Iyos he M i n i m  E leva t ion  
A t  Ugicf, A Surface E x t e a  Is Y 

ard 1 : la:!! 1:: 
$b I t .  

10.00 f t .  L ine  Segments De f ine  Each T r i a l  Fa i l u re  Surface. 
. .  

o[ o u i n  Are Ois  l a  ed The en Most C r i t i c  I O f  The T t i e l  
Foi1ure Burfaces PxJ ined .  
F i r s t .  

{hey Are O r d e r A  - Most C r i t i c a l  

Safety  Factors Are Calcu lated By The Modi f ied Bishop Method 

1 
F a i l u r e  Surface Spec i f i ed  By 9 Coordinate Points  
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Y -  u r f  
( ? t )  

X -  u r f  
(St, 

Point  
YO. 

C i r c l e  Center A t  X = 71.6 ; Y = 163.9 and Radius, 66.8 

*** 1.008 4.. 

l nd i v idue l  data on the 12 s l i c e s  

Width 

Fa i l u re  Surface Spec i f i ed  By 11 Coordinate Po in ts  

Y -  urf 
( f t )  

X-  urf 
(St) 

Point  
No. 

C i r c l e  Center A t  X = 66.S ; Y = 172.3 and Radius, 78.9 

"* 1.011 *** 

F a i l u r e  Surface Spec i f i ed  By 9 Coordinate Po in ts  

Y -  urf 
(St, 

X -  urf 
cSt, 

Po in t  
No. 

C i r c l e  Center A t  X = 72.2 ; Y = 170.8 and Radius ,  73.5 

9.. .1.026 e** 

F a i l u r e  Surface Speci f ied By 11 Coordinate P o i n t s  

(St) y- (St) urf 
Po in t  X -  urf 

No. 

C i r c l e  Center A t  X = 76.6 ; Y = 160.5 and Radius, 66.9 

*** 1.026 *** 

EGGWREPORTIAPPENDDCH6 H-76 



i Lu re  Surfoce Speci f ied By 13 Coordinate Points  

Y -  u r f  
c S t ,  

X -  urf 
NO.  ( S t )  

C i r c l e  Center A r  X = 59.9 ; Y = 183.9 end R a d i u s ,  

*** 1.027 *** 

F a i l u r e  Surface Spec i f i ed  By 13 Coordinate Po in ts  

Y-  u f 
(It! 

x -  u r f  dt) Po in t  
NO. 

C i r c l e  Center A t  X = 57.4 ; Y = 183.9 , a n d  Radius, 

1.033 *** .99 

i l u r e  Surface Spec i f i ed  By 14 Coordinate Po in ts  

Po in t  
No. 

Y -  urf 
( I t)  

X- urf (jt) 

C i r c l e  Center A t  X = 64.0 ; Y = 190.0 end Radius, 

*** 1.033 *** 

F a i l u r e  Surface Spec i f i ed  By 14 Coordinate Po in ts  

Y-  urf 
(#t) 

X- urf 
(Tt) 

P o i n t  
NO. 

C i r c l e  Center A t  X = 60.9 ; Y 193.9 and Radius, 

..* 1 . 0 s  ..e 

a l l u r e  Surface Spec i f i ed  By 14 Coordinate Po in ts  

EGGRF/REPORT/APPENDDH6 

93.0 

92.0 

100;3 

102.5 
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Y -  urf ( 7 0  X -  urf 

(St)  
Point 
no. 

Circle Center A t  X = 58.8 ; Y = 190.6 end Radius, 101.5 

..e 1 . o u  ..* 

Fai lure Surface Specif ied By 15 Coordinate Points 

x u f  8tS Point 
No. 

Circle Center A t  X = 

*** 1.037 

Y 

X 

Y u f  
iTt! 

61.4 ; Y = 190.7 end Radius, 102.8 

.e. 

A X I S  F T  

26.40 

52.80 

79.20 : 

105.60 : 

132.00 

158.40 + 

184.80 i 

211.20 

. ::*z .... .... 0. 
. .:::MA2 

....... 
........ ........ ......... ......... ......... .......... .......... 
............ 
............. .............. ............... 
................ ............... .............. ............ ........... .......... ........ ...... 
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1 PlEZWETRlC SURFACE(S1 HAVE BEEN SPECIFIED 

U n i t  Weight o f  Uater = 62.40 

Piezometric Surface No. 1 Spec i f i ed  by 4 Coordinate Po in ts  

X-U t e r  Y-U t e r  
(4t)  (8t) Po in t  

No. 

A HO . onta l  Earthqugke oading C o e f f i c i e n t  
Of .$16 Has Been A s s i g d  
A Ve 
Of .bib Has Been A s s i g n 4  
Cavi t a t  ion Pressure = 

'cat Earthquake Lo d i n g  C o e f f i c i e n t  

.O p s f  

A C i t i c a l  F a i l u r e  Surface.Sea ch ing ethod Using A Rand 
Tecknlque f o r  Generating C i r c u r a r  Survaces, 'Has Been Specgied. 

300 T r i a l  Su'rfaces Have Bern Generated. 

Each Surfsce Terminates Betue 

Unle s u r t h e r  L i m i t a t i  s Were lrrpos he M i n i m  E leva t i on  
~t ugick A Surface E x t e z  is Y = %I It. 

10.00 f t .  L ine  Segments De f ine  Each T r i a l  F a i l u r e  Surface. 

a3 P : 1M:88 f : :  

Fo( o u i n  Are Ois  l a  @ The en Host C r i t i c  1 Of The T r ig1  ~ 

Fet t u re  Burfaces &.&id. 
F i r s t .  

{hey Are O r d e r 4  - Most C r i t i c a l  

Safety  Factors Are Calcu lated By The k o d i f i e d  Bishop Method 

I 

9217-COO-204, Rev. 0 
** PCSTABLSM * *  

2P186/93 
f#8I  t 6 :El 

R u n  Oa e 
T i m e  01 im: 
Run By. 
In  t D e l  Filename: 
Ou&t fitename: 

PROBLEM DESCRIPTION PCSTABLSM : 20 f t ,  1:2 s l o p ,  FILL, H. U 
T 

BOUNDARY COORDINATES 

1 TXtal OESfZ 

No. ( t t )  ctt, 0 9 )  Boundary X -  e f t  Y -  e f t  X - R '  h t  

ISOTROPIC SOIL PARAMETERS 

1 Type(s) o f  Soil 

S o i l  Tota l  Satyrated Cohesion F r i c t ' o n  Pore Pressure P 'er  
T pe U n i t  ut. U n i t  ut. Inter ept 
t o .  (pc f )  (pcf )  (psh (&g) Parem. (ps!)  NO. 

A g1e Pressure Const nt SurJac i  

1 120.0 120.0 1000.0 .o .oo . , .o 1 

I 
F a i l u r e  Surface S p e c i f i e d  By 22 Coordinate Po in ts  

EGGRFlREPORTIAPPENDDH6 H-79 



9217-COO-204. Rev. 0 

1 

1 

i 1 
Circ le  Center A t  X E 82.0 ; Y = 181.3 and Radius, 115.5 

-998 *** .** 

Individual data on the 25 s l ices  

Uidth 
Water Water 
Force Force 

l i e  T i e  
Force Force 

Earthquake 
Force Sui 

Fa i lu re  Surface Specified By 22 Coordinate Points 

Y- urf 
( I t ,  

X-  u r f  
(St, 

Point 
No. 

C i r c l e  Center A t  X = 81.2 ; Y = 177.9 and Redius, 112.6 

.999 *** ... 
' 1  

Fa i lure  Surface Specified By 22 Coordinate Points 

Y-  u r f  
( I t ,  

X-  u r f  
(St, 

Point 
No. 

H-80 



_- 

Circ le  Center A t  X = 8 5 . 4  ; Y = 173.0 and Radius, 107.5 

*** 1.005 *- 

Fa i lure  Surface Specified By 22 Coordinate Points 

Y u f  84 Point X-  urf 
No. (St)  

C i rc le  Center A t  X = 85.0 ; Y = 174.9 and Radius, 108.5 

*** 1.011 *** 

:ai lu re  Surface specified BY 21 toorbinate Points 
~ 

Point I '  NO. 

I C i r c l e  Center At X = a . 0  ; Y = 170.4 end,Radius, 104.7 

*** 1.013 *** 

Fa i lure  Surface Specified By 22 Coordinate Points 

Y-  urf , 8 t )  X- urf 
c l t )  

Point 
No. 

EGGRFIREPORTIAPPENDDH6 H-8 1 
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Circle Center A t  X = 79.7 ; Y = 179.2 and Radius, 112.3 

*** 1.017 *** 

Fai lure Surface s p ' i f i e d  By 21 Coordinate Points 

I -  urf  
(St, 

X -  urf  
cSt, 

Point 
NO. 

1 

Circle Center A t  X = 87.5 ; Y = 171.0 end Radius, 102.9 

*** 1.055 *** 

Fai lure Surface Specified By 21 Coordinate Points 

Y-  urf  
(St, 

X- ur f  
(St, 

Point 
No. 

Circle Center A t  X = 77.0 ; Y = 176.5 and R e d i a ,  107.1 

F d h r e  Surfece Specified By 21 Coordinate Points 

Y-  urf 
(St, 

X- ur f  
(St, 

Point 
No. 

Circ le  Center A t  X = 76.0 ; Y = 170.7 end Radius, 103.8 

H-82 
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*** 1.040 *** 

f a i l u r e  Surface Specified By 21 Coordinate Points 

Point X -  u r f  Y -  u r f  
No. (St) (St) 

C i r c l e  Center A t  X = 76.1 ; Y = 174.6 and Radius, 106.6 

to+ 1.w6 et0 

X 

\ -  

X 

I 

S 

' F  

1 

Y 

-00 
.oo +--. 

26.40 + 

52.80 + 

- .  

79.20 + 

105.60 i 

132.00 i 

i5a.40 . -  

184.80 : 

211.20 + 

A X I S '  F T  

26.40 52.80 79.20 105.60 132.00 

1 I:?::. 
.+ ...... 
...... 

1 ....... 
#; i ;; ;; i i : 
.......... ........... .......... L '  

? ........... ............ ............. ............. u ............. ............. \A. ............ 

X!Xi 'B ....... ....... ; f ; ; ; 
\- -!!:$$~ .. . . 

............. .............. .............. ............... 

. . 11 
............... r ................ R :::::::::::::: 

ri 

H-83 



9217-COO-204, Rev. 0 

** PCSTABLSM **  
bv. P u r d e  u n i v e r s i t y  

PROBLEM DESCRIPTION PCSTABLSM : 20 f t ,  1:2 slope, CLAYSTWE, H .  UT 

ISOTROPIC SOIL PARAMETERS 

1 Type(s) o f  S o i l  

S o i l  Tota l  Saturated Cohesion F r i c t ' o n  Pore Pressure P'er. 
T pe U n i t  Ut. U n i t  Ut. I n t e r  ept A l e  Pressure Const nt Surlace 
io .  (pc f )  (pc f )  (ps'i) Parem. (psf )  no. 
1 130.0 130.0 1000.0 20.0 .OO .o 1 

1 PIEZOMETRIC SURFACE(S) HAVE BEEN SPECIFIED 

Unit  Weight o f  Uater = 62-40 

P i e r a n e t r i c  Surface Yo. 1 Spec i f i ed  by 4 Coordinate Po in ts  

X-U t e r  Y-U t e r  
( 4 t )  ( 7 0  Po in t  

no. 

8 fH1)5 i f l ta l  E a r t h w k e  oading C o e f f i c i e n t  
as Been Assign& 

8 f V ~ 6 6 p a l  Earthquake Lo d i n g  C o e f f i c i e n t  
Has Been A s s i g r d  

C a v i t a t i o n  Pressure = .O psf 

A C i t i c a l  F a i l u r e  Surface.Sea ch ing ethod, Using A Ra 
T e c L i q w  For Generating c i r c u r a r  J a c e s ,  Has Been spe%ied. 

300 T r i a l  Surfaces Have Been Generated. 

0 Surfaces l n i t i a t  From Each O f  10 P o i n  l l y  spaced 
Afong The Crwnd Surface Betue 

Each Surface Termimtes Betue a3 E : 1M:88 1:: 
p r t h e r  L i m i E a t i x  Were lnpos 

t u i c  A Surface x t e  1s Y = % 1,. he M i n i m  E l e v a t i o n  

10.00 f t .  L i n e  Segnents De f ine  Each T r i a l  F a i l u r e  Surface. 

Fof o u i n  Are D i s  l a  4 The en  Host C r i t i c  1 O f  The T r i o l  
F e i t u r e  Burfeces PxJ ined .  
F i r s t .  

Sa fe ty  f a c t o r s  Are Ca lcu la ted  By The Mod i f i ed  Bishop Method 

?hey Are  Order4 - Host C r i t i c a l  

F a i l u r e  Surface Specified By 22 Coordinate Po in ts  

J 
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Circle Center At x = 82.0 ; Y = 181.3 and Radius, 115.5 

.*t .995 *** 

Individual data on the ' 25 slices 

Tie Tie 
Force Force 

Fei lure Surface Swci f ied By 22 Coordinate Points 

X-  urf 
(St, 

Point 
No. 

Circ le  Center A t  X = 

**. 1.001 

Y-  urf 
(Tt , 

81.2 ; Y = lT I .9  and Radius, 112.6 

**e 

Fei lure Surface Specified By 22 Coordinate Points 

Y-  urf  
(Of, 

x- urf 
(St, 

Point 
No. 

' 
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Circle Center At X = 79.7 ; Y = 179.2 and Radius, 112.3 

.*. 1.004 ... 
fe i lure  Surface Specified By 21 Coordinate Points 

Y- urf  
(? t )  

X-  ur f  A) Point 
No. 

Circle Center A t  X = 77.9 ; Y = 188.0 and Radius, 117.5 

.e* 1.004 .** 

Fai lure Surface Specified By 22 Coordinate Points 

(St) I- ( f t )  
Point X-  ur f  

NO. 

Circle Center A t  X = 85.0 ; Y = 174.9 and Radius, 108.5 

*e* .1.013 *e* 

Fai lure Surface Specified By 22 Coordinate Points 

cft, 84 Point X -  u r f  
No. 

H-86 
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Circle Center A t  X = 85.4 ; Y = 173.0 and Radius, 107.5 

*** 1.015 *** 

Failure Stirface Specified By 21 Coordinate Points 

X -  ur f  Y -  ur f  (jt) (St) 
Point 

No. 

s 
Circle Center A t  X = 81.3 ; Y = 182.7 and Radius, 111.4 

*** 1.016 *** 

Failure Surface Specified By 21 Coordinate Points 

Y-  ur f  
(St, 

X -  ur f  
( f t ,  

Point 
No. 

Circle Center A t  X = 76.0 ; Y = 203.2 and Radius, 128.2 

*** 1.016 *** 

Failure Surface Specified By 21 Coordinate Points 

X- ur f  
(St) 

Point 
No. 

l r c l e  Center A t  X = 

Y-  u r f  
(Tt) 

76.0 : Y = 178.4 and Radius, 109.2 

H-87 
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*e* 1.018 *** 

Fa i lure  Surface Specified By 21 Coordinate P o i n t s  

x u f  84 Point 
No. 

Circle Center A t  X = 

*** 1.019 

Y u f  84 

75.0 ; Y 5 

**t 

195.3 end Radius, 121.3 

F 

26.40 i 

52.80 + 

79.20 + 

105.60 i 

132.00 

158.40 i 

164.80 : 

T 211.20 + 

K 
1 k::- c..... . ,iy: ........ : : : : : 

I&: : : : : : : :a 

$Ill: : : : : : : : : : : 

- 41 6 

........ ........ ......... 
......... .......... . a  ........... 

........... ........... ............ 
............. ............. ............ ........... .......... h!& .. ....... : : : : : : 

.. 1 iJp:d:: 
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i a .* PCSTABLSH ** 

Pur* k i i v e r s i t y  

9217-COO-204, Rev. 0 

0 6/93 U8 Run oa e -  
T i m e  0 )  rim: 
Run By: 
In c Oat Filename: o u G t   ife en-: f5h t :!A 

PROBLEM DESCRIPTION PCSTAB 5M : 20 ft, 1:2 slope, ALLWIW 1 , L. Uf- 

BOUNDARY COOROINATES 

3 I s t a t  E4ZtZ 
Boundary X-  e f t  Y e t X - R '  h t  

NO. (it) itt! (it, y-si?:t 8:ikyTm 

ISOTROPIC SOIL PARAMETERS 

1 ~ y p e ( s ) ~ o f  S o i l  

S o i l  T v t a l  saturated Cohesion F r i c t ' o n  .Pore Pressure P'ez 
T pe U n i t  Ut. U n i t  Ut. I n t e r  ept A g1e Pressure Const nt S u r l a c i  io. ( p t )  (pc f )  (pS) ( leg)  Parem. (PS!) NO. 

1 120.0 120.0 .O 45.0 .OO .o 1 

1 PIEZOMETRIC SURFACECS) HAVE BEEN SPECIFIED J 

n i t  Ueighr o f  Uater = 62.40 

\. Piezometric Surface No. 1 Speci f ied by 2 Coordinate Po in ts  
Y 

'-Ye:;' <?t) 

i is0:88 Ilk88 
X-U t e r  Po in t  

No. 

A Hor. on ta l  Earthqueke oading Coe f f i c i en t  
Of .4Q! Has Been A s s l g d  

A Ve 
Of .66b Has Been A s s i g d  
C a v i t a t i o n  Pressure = .O psf 

' c a l  Earthquake l o  d i n g  Coe f f i c i en t  

A C i f i c a l  F a i l u r e  Surface Sea ching ethod, Using A Rand 
TecLnique For Generating C i r c u l a r  Surveces, Has Been spec?'?ied. 

300 T r i a l  Surfaces Have Been Generated. 

0 Surfaces I n i t f a t  F r a n  Each O f  10 Po in  Lly spaced 
Atong The G r o u n d  Surface Betue 

Each Surface Terminates Betwe 

U n l e p  [u r thc r  Limi a t i o  s Uere lnpos 
A t  U IC A Surface Exterds l o  Y = 

a 3  1 151:88 1:: 
he M i n i m m  E l e v a t i o n  % I t .  

10.00 f t .  L ine Segments De f ine  Each T r i a l  F a i l u r e  Surface. 

Fol o u i n  Are D i s  lay& The Ten Most C r i t i c  1-Of The T r i o l  
F e i t u r e  fu r faces  fxxemioed. They Are O r d e r 4  Most C r i t i c a l  
F i r s t .  

Safety  Factors Are Calcu lated By The Mod i f i ed  Bishop Method a F a i l u r e  Surface Speci f ied By 13 Coordinate Po in ts  '> 

J 
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Point 

NO. 

Circ!e Center A t ' X  = 57.6 ; Y = 183.9 and Radius, 92.0 

*** 1.007 *** 

Indiv iduel  data on the 15 s l i ces  

Fai lure Surface Specified By 16 Coordinate Points 

x -  urf Y -  u r f  
(It, , (It, 

Point 
No. 

C i r c le  Center A t  X = 53.9 ; Y = 206.8 and Radius, 

*** 1.022 *** 

\ 

116.3 

Fai lure Surface Specified By 13 Coordinate Points 

X-  urf . Y -  urf 
(St) 

Point 
No. . (It) 

C i rc le  Center A t  X 55.9 ; Y = 201.2 and Radius, 

t*t **e 1.025 ' 

Fa i lu re  Surface Spec 

po in t  .X- urf 
No. (It) 

. j  
f l e d  By 16 coordinate Points 

Y -  urf ( j t )  

107.5 

H-90 



C i r c l e  Center A t  X = 56.7 ; Y = 195.8 and Radius, ... 1.030 

1 Fa i lu re  Surface Spec i f i ed  By 13 C c x d i n a t e  Points 

Y -  urf ( f t )  Point  X- urf 
NO. ( f t )  

C i r c l e  Center A t  X = 59.9 ; Y = 183.9 and Radius, 

*** 1.032 

Fa i lu re  Surface Spec i f i ed  B y  12 Coordinate Points  

X-  urf 
(St, 

Point  
NO. 

'-. C i r c l e  Center A t  X = 

1.037 0.. 

105.3 

93.0 

Y -  urf 
( I t)  

53.1 ; Y = 214.7 and Radius, 

Fa i l u re  Surface Spec i f i ed  B y  1 1  Coordinate Points  

Y -  urf 
(It, 

X -  urf 
(Ttl 

Po in t  
No. 

C i r c l e  Center A t  X = 64.5 ; Y = 1R.3 and Radius, 

*** 1.041 .+* 

F a i l u r e  Surface Spec i f i ed  B y  14 Coordinate Points  

Po in t  
No. 

1,. C i r c l e  Center A t  X = 58.8 ; Y = 190.6 and Radius, 

117.8 

78.9 

101.5 

H-9 1 
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*** 1.044 **e 

f a i l u r e  Surface Specified By 15 Coordinate Points 

I- urf 
(St, 

x u f  
iSt! 

Point 
No. 

Circle Center A t  X = 38.8 ; Y = 270.1 and Radius, 174.4 

*eo 1.046 

Fai lure Surface Speciffed By 13 Coordinate Points 

X- urf  
(St) 

Point 
no. 

Circle Center A t  X = 

. 1.046 

Y 

I- urf 
(St, 

38.0 ; Y = 270.6 end Radius, 172.4 

e*. 

A X I S  F T  

26.40 

52.80 : 

79-20 : 

105.60 

132.00 
- .  

158.40 : 

184.80 
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** PCSTAELSH ** 

Purdue Un !ve rs i t y  by. 

PROBLEM DESCRIPTIO)( PCSTABLSM : 20 f t ,  1:2 slope, ALLU. 2, L . UT 

ISOTROPIC SOIL PARAMETERS 

1 Type(s) o f  S o i l  

S o i l  Tota l  Saturated Cohesion F r i c t ' o n  Pore Pressure P 'e r  
U n i t  Ut. unit ut. I n t e r  ept A g1e Pressure Const nt Surlac; 'E? (pcf) (pc f )  (psS) (h, Param. (psil) NO. 

1 120.0 120.0 200.0 38.0 .'OO .o 1 

1 PIEZWETRIC SURFACE(S) HAVE BEEN SPECIFIED 

U n i t  Weight o f  Uater  = 62.40 

P i e r a n e t r i c  Surface No. 1 S p e c i f i e d  by 2 Coordinate P o i n t s  

X-W t e r  Y - W  t e r  
(B t )  (ilt) 

4 ieo:88 188:88 
' P o i n t  

No. 

{fH:&ytal Earthqueke o a d i w  Coe f f i c i en t  

a , V e s a d c a ~ , E , ~ ~ ~ q , u ~ ~ ~ ~ ~ d i n g  Coef f i c i en t  

C a v i t a t i o n  Pressure = .O psf 

as Been A s s i g d  

f C K f t i c a l  F a i l u r e  Sucface.Sea ch ing  ethod Using A Rand 

500 Tr ia1,Sur faces Have Been Generated. 

A?- The G r o u - d  i u r f n c e  Betuee 

Each Surface Terminates Betue 

Unle s u r t h e r  L i m i t a t i  s Were lapos he M i n i n u n  E l e v a t i o n  
A t  d i c k  A Sur face E x t e a  I s  Y = 

10.00 ft. L i n e  Segments Def ine Each T r i a l  F a i l u r e  Surface. 

ec niqw For Generating C i r cu ra r  Sur?aces,'Has Been Specgied.  

0 Surfaces l n i t  a t  Fran Each O f  10 Po in  
. .  

a3 E 1 W:88 f : :  
9 b . I t .  

Ten Most 
They Are 

C r i t i c  1 Of The T r i o l  
Ordere i  - Most C r i t i c a l  

* Sa fe ty  Factors  Are Calcu lated By The M o d i f i e d  Bishop Method *. 

F a i l u r e  Sur face S p e c i f i e d  By 16 Coordinate Po in ts  

H-94 



Circ le  Center A t  X = 56.7 ; Y = 195.5 and Radius, 

.W6 *** *** 

Fai lure Surface Specified By 18 Coordinate Points 

Y- u r f  
(St) 

Point X- urf  
No. . ( f t )  

Circte Center A t  X = 62.4 ; Y = 202.1 end Radius, 

*** 1.003 *** 

[\ 

111.1 

119.7 

92 17-COO-204, Rev. 0 

Circ le  Center A t  X = 55.5 ; Y = 193.9 and Radius, 109.1 

*** .Wb *- 

Individual data on the 18 sl ices 

Fai lure Surface Specified By 17 Coordinate Points 

Y-  u r f  
cTt, 

X -  urf  
(l it ,  

Point 

H-95 



Fai lure Surface Specified By 16 Coordinate Point5 

Y -  urf A) X- u r f  
(Yt) 

Point 
No. 

C i r c l e  Center A t  X 60.5 ; Y 196.7 and R a d i u s ,  

-0- 1.005 *** 

Fa i lure  Surface Specified By 17 Coordinate Points 

Y-  u r f  
(St)  

x u f  84 Point  
no. 

C i r c l e  Center A t  X = 63.2 ; Y = 196.7 and Radius, 

e.. 1.008 e.. 

Fa i lure  Surface Specified By 18 Coordinate Points 

Y- u r f  
(#t) 

X- urf 
(St) 

Point 
No. 

C i r c l e  -2nter  A t  X 8 64.9 ; Y = I 
' e** 1.009 +e* . 

7 andRadius, 

Fa i lu re  Surface Specified By 15 Coordimte Points 

Y-  u r f  
(St, 

X- urf 
a t )  

Point  
No. 

9217-COO-204, Rev. 0 

110.8 

112.1 

120.6 
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Circ le  Center A t  X E 61.4 ; Y = 190.7 a+ Redius, 

*** 1.012 *** (a 
f a i l u r e  Surface Specified By 14'Coordinete Points 

Point X -  ur f  Y -  u r f  
YO. (L) (St, 

C i rc le  Center A t  X = 58.8 ; Y = 190.6 and R d i u s ,  

*- 1.013- *- 

Fei lure Surface Specified By 19 Coordinate Point6 

Point X- urf Y-  urf 
YO. (St) (St) 

C i rc le  Center A t  X = 67.1 ; Y = 204.1 and Radius, 

**a 1 . O K  

Fai lure Surface Spec 

X- urf 
( T t )  

Point 
No. 

*** 

fied By 18 Coordinate Points 

Y -  urf 
(St, 

102.8 

101 .s 

123.9 

r c l e  Center A t  X = 67.7 ; Y = 202.1 and Radius, 

*** 1.017 *** 
119.0 

Y A X I S  F 1. 

9217-COO-204, Rev. 0 
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52.80 + 

79.20 + 

105.60 

132.00 

158.40 + 

184.80 i 

211.20 + 

.... 
... 

...... 8:::. 

....... A:::: .... 
..... ... 

... .... ... .... ...... .. ......... ........ .......... ......... ........... .......... 
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** PCSTABLSM ** 

un Da e: 
virne o f  R u n :  
Run B y -  
&t bat! File?: , 

put F I  enem. 

PROBLEM DESCRIPTION PCSTABLSM : 20 f t ,  1:2 slope, FILL, L. U 
T 

BOUWDARY COORDINATES 

3 18LI I2 : l x r  
WO. ( i t )  ittf (19) (19, f:it'm B d a r y  X -  e f t  Y e t X - R *  h t  Y-R.  h t  

ISOTROPIC SOIL PARAMETERS 

1 T y p e ( S )  of  s o i l  

So i l  Tota l  Saturated Cohesion F r i c t ' o n  Pore Pressure P'ez 
T pe U n i t  ut. U n i t  U t .  I n t e r  ept 

1 .120.0 120.0 ~1000.0 .o -00 .o 1 

A g1e Pressure Const nt S u r l a c i  
i o .  (pcf) (pcf) (psF) Param. (ps?) NO. 

1 PIEZOHETRIC SURFACE(S) HAVE BEEW SPECIFIED 

U n i t  Weight o f  Uater = 62.40 

iezane t r i c  Surface No. 1 Spec i f i ed  by 2 Coordinate.Points 

Point  X-u t e r  Y-u t e r  
No. dt) ( B t )  

3 180:88 188:88 

A C i t i c a l  F a i l u r e  Suyface.Sea ch ing ethod Using A Rand 
Tecinique f o r  Generating C i r c u l a r  Sur?aces,'Has Been Specgied. 

300 T r i a l  Surfaces Have Been Generated. 

0 Surfaces In i t  a t  From Each O f  IO Poin l t y  Spced  
A?- The G r w n d  ! d a c e  

Each Surface Terminates Betuee 

Unle $ u r the r  L im i  a t i  s Uere lnpos he M i n i m  E leva t ion  
A t  d i c L  A Surface I!xte% Is Y = 

10.00 f t .  L ine Segments De f ine  Each T r i a l  Fa i l u re  Surface. 

ad E : lid:88 f : :  
$6 i t .  

Are D i s  l a  ed The Ten Most C r i t i c  1 Of The T r i o l  
k \ t%%r faces  &dined. They Are Order4 - Most C r i t i c a l  
f i r s t .  

Safety  fac to rs  Are Calcu lated By The Modi f ied Bishop Method 

a l l u r e  Surface S p e c i f i e d  By 22 Coordinate Points  e 

92 17-COO-204, Rev. 0 
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Y -  urf 

( # t )  
X -  urf 

(S t )  
Point 
No. 

1 

1 
Clrcle Center A t  X 82.0 ; Y = 181.3 and Radius, ,115.5 

.e* .WE *** 

Individual date  00 the 24 slices 

ce 

Failure Surface Specified By 22 Coordinate Points 

Y-  urf (L) X- urf (L) Point 
No. 

Circle Center At  X = 81.2 ; Y =. 177.9 and Radius, 112.6 

.ppP *** *t 

Failure Surface Specified By 22 Coordinate Points 

Y- urf 
(#t, 

X- urf 
c#t, 

Point 
No. 

H-100 



Circle Center A t  X E 85.4 ; Y = 173.0 end Rndius, 107.5 

*** 1.005 *** 

Fai lure Surfece Specified By 22 Coordinete Points 

I- u f 
CSt! 

X-  u r f  
(St, 

Point 
no. 

Circle Center A t  X = 85.0 ; Y = 174.9 end Rndius, 108.5 

*** 1.011 *** 

i l u r e  Surface Specified By 21 Coordinate Points 

Y-  urf 
@Point YO. x-  (L) u r f  (St) 

C i rc le  Center A t  X = ' 84.0 ; Y = 170.4 and Rndius, 104.7 

*** 1.013 OH 

Fai lure Surface Specified By 22 Coordinate Points 

Y- u r f  
a t )  

X- u r f  
(St, 

Point 
No. 

n 

H-101 
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Failure Surfece Specifled By 21 Coordinate Points 

Y -  u f 
cTt5 

X -  urf 
(St) 

Point 
No. 

Circle Center A t  X E 87.5 ; Y = 171.0 and Radius, 102.9 . 

*** 1.055 **. 

Fai lure Surface Specified By 21 Coordinate Points 

Y-  urf  
(Bt) 

X -  u r f  
( I t ,  

Point 
No. 

Circle Center A t  X = 77.0 ; Y = 174.5 end Radius, 107.1 

*** 1.0% .** 

Fai lure Surface Specified By 21 Coordinate Points 

I- urf  
cTt, 

X-  urf 
(St, 

Point 
YO. 

1 

1 

H- 102 

Clrc le  Center A t  X = 76.0 ; Y = 170.7 and Radius, 103.8 
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aiLure Surfoce S p e c i f i e d  By 21 Coordinote Points  

Y -  urf 
c f t ,  

x -  urf 
no. ( I t )  

Circ le  Center A t  X = 

*e+ 1.046 

76.1 ; Y = 174.6 and Redius, 

et. 

106.6 

X 

26.40 i 

A 52.80 + 

79.20 . 

I 105.60 i 

S 132.00 

158.40 

F 184.80 

1 211.20 

1 j : t : : -  
1 j:.::::: ....... ......... ]pi; ;; i ;  ; i: 

........... .......... c 
7. ......... ............ ............. ............. ............. ............. i;:::::::::::: .............. . 

rB 
!tr: '3*1$::8....... : : : : : : : : : : : 
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** PCSTABL'SH ** 
by. P u r k  Universi ty 

siGi?!?% Sta &&I i l i t  SYgLi\Yql . i ishop Ang s i s  

or Spencer s h t h  o S ices 

0 6/95 L f 8  
kj8:: t : k 1 

R u n  Da e-  
Run By: 
T l m e  o! Run: 

krt put D a f t  F i  eneme. F i l e y m e :  

PROBLEM DESCRIPTION PCSTA L5M : 20 f t ,  1:2 slope, CLAYSTONE, 
L. UB 

ISOTROPIC S O I L  PARAMETERS 

1 fype(s) of  So i l  

So i l  Total Saturated Cohesion Fr ic t 'on  Pore Pressure P'er 
T pe Un i t  ut. U n i t  ut. In te r  ept l o .  (pcf)  (pcf) (PSI (8eg) Parem. (we) no. 

A g1e Pressure Const n t  Surlac; 

1 130.0 130.0 1000.0 20.0 .OO -0  1 

1 PIEZOHETRIC SURFACE(S) HAVE BEEN SPECIFIED 

Un i t  Ueight of bfater = 62.40 

Piezometric Surface No. 1 Specified & 2 Coordinate Points 

X-U t e r  I - U  t e r  ( 7 0  (4t) 
i is0:88 18838 

Point 
no. 

&fH"&";ltal Earthqueke Loading Coeff ic ient  

8 f V e s a b c s a s E a : : ~ ~ ~ ~ ~ ~ g ~ d i n s  Coef f i c i e n t  

Cav i ta t ion  Pressure = .O psf 

A C i t i c a l  Fa i lu re  Surface.Sea ching ethod, Using A Ra 
TecLnique For Generating C i rcu la r  Suryaces, Has Been Spe9 ied .  

300 T r i a l  Surfaces Have.Been Generated. 

as Been Assigned 

1 

0 Surfaces l n i t i a t  F r a n  Each O f  12 Poin l l y  speced 
A?ong l h e  G r d  Surface 

Each Surface Terminates Betue 
a a  E la188 1:: 

Unle s ur ther  L im i te t i  s Uere lrnpos he Mininun Elevation 
A t  U s i c i  A Surface E x t A s  Is Y = 

10.00 f t .  Line Segments Define Each T r i a l  Fa i lu re  Surface.. 

386 It. 

9217-COO-204, Rev. 0 

o l  ow Are Ois leyed The Ten Host C r i t i c  I O f  The Trig1 
Feiturer?urfaces &mined. They Are O r d e r 4  - Most C r i t i c a l  
F i r s t .  

Safety Factors Are Calculated By The Modified Bishop Method 

Fa i l u re  Surface Specified By 22 Coordinate Points 

H- 104 



Y -  urf 
(? t )  

X -  urf 
(? t )  

Point 
NO. 

9217-COO-204, Rev. 0 

Circle Center A t  X = 82.0 ; Y = 181.3 and Rdius,  115.5 

.W6 *** e.. 

lndividuel data on the 26 stices 

Tie Tie 
Force .Force 

Failure Surface Specified By 22 Coordinate Points 

Y- urf  
(St) 

Point ' ' X-  urf  
No. cTt, 

Circle Center A t  X = 81.2, ; Y = 177.9 and Redius, 112.6 

*.* 1.002 .e* 

Fai lure Surface Spec 

X -  urf  
(St) 

Point 
No. 

lied By 22 Coordinate Points 

Y-  ur f  
(St) 

H- 105 
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Fai lure Surface Specified 8 y  21 Coordinate Points 

Y -  urf 
c S t ,  

X -  u r f  
(St, 

Polnt 
NO. 

C i rc le  Center A t  X = 77.9 ; Y = 188.0 and Radius, 117.5 

..* 1.007 L 

Fai lure Surface Specif ied By 22 Coordinate Points 

Y- urf . 
(St) 

X-  urf 
(St) 

Point 
No. 

C i rc le  Center A t  X = 85.0 ; Y = 174.9 end Radius, 108.5 

et* 1.016 *** 

Fa i lure  Surface.Specified 8y 22 Coordinate Points 

Y-  urf 
c S t  1 

X-  urf 
(St, 

Point 
. NO. 

H- 106 
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@ f! I## I&!! 
l i r c l e  Center A t  X = 85.4 ; Y = 173.0 a n d  Radius, 107.5 

*** 1.018 *-• 

Fai lure Surface Specified By 21 Coordinate Points 

yih'5f X -  urf  
( f t )  

Point 
No. 

1 

I 
Circ le  Center A t  X = 76.0 ; Y = 178.4 end Radius, 109.2 

*** 1.019 *** 

Fa i lure  Surface Specified By 21 Coordinate Points 

Y-  u r f  
(St, 

X-  urf  
(Tt, 

Point 
no. 

' C i r c l e  Center A t  X = 77.0 ; Y = 174.5 and Radius, 107.1 

*** 1.019 *** 

Fa i lure  Surface S p e c i f i e d  By 21 Coordinate Points 

Y-  urf 
(St, 

X- u r f  
( f t ,  

Point  
No. 

1 

1 
Center A t  X 8 81.3 ; Y = 182.7 and Radius, 111.4 

*** 1.022 *** 

H- 107 
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Failure Surface Specified By 21 Coordinate Points 

Y -  urf A) x -  urf 
c S t ,  

Point 
no. 

26.40 

52.80 

79.20 

105.60 

132.00 { 

158.40 G 

184.80 G 

211.20 

3::;;: 
+... ....... p::::::. ......... 
........ .......... 

....... __ . 
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APPENDIX I 

DEVELOPMENT OF ARTIFICIAL 
EARTHQUAKE GROUND MOTIONS 

Risk Engineering, Inc. 
Boulder, Colorado 

INTRODUCTION 

This Appendix dkuments the development of artificial time histories compatible with the mean 
uniform-hazard spectra, for rock-outcrop site conditions and for multiple return periods &e., 500, 
1000,2500,5000, and 10,000 years). 

The artificial time histories are generated by adjusting the frequency content of the real ground- 
motion time history in order to match the target response spectrum, while meeting the requirements 
in Section 3.7.1 of the NRC Standard Review Plan. These adjustments are made in a manner that 
preserves the time-domain "character" 'of the real ground motions. 

t GROUND MOTION CHARACTERISTICS 

The target response spectra for horizontal motions and 5 percent damping are the mean uniform 
hazard spectra listed in Table 3-2. The spectral velocity at 33 Hz is taken as PGN(2xx33 Hz), 
which is consistent with Appendix E. 

Target spectra for vertical motions are calculated from the corresponding horizontal spectra by using 
factors in the EPRI (1993) recommendations, which are described in Appendix E. For ground 
motions, representing all return periods (corresponding to an earthquake in the RMA/Derby source), 
the V/H ratio is taken as 0.7 for all frequencies and for PGA. 

Target spectra for damping ratios of 2,7,10,12, and 15 percent are obtained using Equations E-20 
and E-21 in Appendix E. Following Appendix E, a strong-motion duration of 4.5 sec is assumed 
in applying these equations. 

The target power spectral density function (psdf; also required by the criteria in the NRC Standard 
Review Plan, NRC, 1989) is calculated from the target response spectrum for 5% damping using 
the procedure in Section A-2 of Sewell et al. (1991). This procedure recognizes that the mean- 
square oscillator response at frequency f may be approximated as the sum of two terms, as follows: 
(1) a dynamic term, which is proportional to the psdf at frequency f, and (2) a static term, which is 

@ proportional to the integral of the psdf over frequencies lower than f. Replacing the integral with 
a summation, one can solve sequentially for the target psdf associated with a given response 

($ spectrum, by advancing from the lowest to the highest frequencies of interest. In these calculations, 

EGGRF/REFORT/AFPENDD. I IO I- 1 Risk Engineering, Inc. 
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we use Boore and Joyner's (1 984) expression for non-stationary oscillator response, rather than 
Equations A-3 through A-6 of Sewell et ai. (1991). 

According to the seismic-hazard results in Section 3 of this report, ground motions for all return 
periods are dominated by events in the RMADerby source (M - 5.9, R - 27 km). The strong- 
motion durations associated with this magnitude-distance combination is 4.2 sec (obtained using the 
equation T = l/f, + 0.05 R by Hemnann, 1985, where f,is the comer frequency, assuming a stress 
drop of 120 bars). 

METHODOLOGY 

1. Select several strong-motion records with magnitudes and distances consistent with those 
that dominate seismic hazard at the site, for the return periods of interest. 

2. Perform iterative adjustments to the frequency content of these ground motions to obtain a 
close match to the target spectra and PGA, while meeting the enveloping requirements 
(NRC, 1989) with respect to both response spectrum at multiple damping ratios and power 
spectrum. These adjustments are performed using multiple causal filters, thus preserving 
the general time-domain "character" of the original ground motions. 

3. Select the artificial time histories with the closest match to the target spectra. High-pass 
filtering of the filtered record may be required in order to remove spurious low frequencies 
(< 0.5 Hz) introduced during the filtering. 

4. Verify that the selected artificial motions meet the NRC requirements with respect to 
response spectra and power spectra In addition, the artificial ground motions were checked 
for compliance with me requirements in Section 2.3 of ASCE 4-86 (ASCE, 1986), including 
the requirement of independence between the time histones for different components. 

SELECTION OF REAL RECORDS 

Table 1-1 lists the records used as starting points in the development of the selected artificial ground 
motions. Records from the 1984 Morgan Hill earthquake were selected for both horizontal and 
vertical components at all return periods, in order to obtain strong-motion durations longer than 4 
seconds (using Kennedy et al., 1984, definition of duration). The strong motions listed in Table 1-1 
are shorter than the minimum 6 seconds required by the NRC (1989; see below), but these shorter 
durations are justified on the basis of the magnitudes that dominate seismic hazard at the Rocky 
Flats Plant (as compared to California sites). 

NRC REQUIREMENTS 

The most important requirements in Section 3.7.1 of the NRC,Standard Review Plan (NRC, 1989) 
for artificial ground motions are summarized below: 

EGGRF/REPORT/APPENDI. I IO 1-2 Risk Engineering, Inc. ~ 
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Consistency between the artificial and target specua must be checked at frequencies 
specified in  Table 3.7.1-1 of NRC (1989) or at fiequencies with a spacing of 10% or less. 
We consider frequencies between 0.5 and 33 Hz, with a 10% spacing. The spectrum of the 
artificial ground motion may be lower than the target spectrum at no more than five points 
and cannot be lower than the target by more than 10%. 

The power spectral density function of the artificial ground motion must exceed 80% of the 
theoretical spectral density function derived from the target spectrum. We calculate the 
power spectra of the artificial ground motions using the procedure in Appendix A of 
Philippacopolous (1989). as suggested in NRC (1989). 

The strong-motion duration (or stationary-phase duration) should be between 6 and 15 
seconds. Different durations may be used if justified by site-specific information. 

1 

RESULTS 

The figures that follow show the generated time histories (Figures 1-1--1-15), response spectra 
(Figures I-16-1-30), and power spectra (Figures 1-3 1--1-45) for two horizontal components and one 
vertical component, and for five return periods. In Figures 1-16 through 1-45, the dashed lines 
indicate the smooth target spectra; the solid lines indicate the spectra calculated from the records. 
The numbers in each panel in Figures I- 16 through 1-30 denote damping ratios. 

The artificial time histones of acceleration and velocity retain the time-domain character of the 
original ground motions. The response spectra of the artificial motions provide a reasonable match 
to the target response spectra, especially for damping ratios of 5% or higher. It is difficult to obtain 
a closer match because of the requirement on the power spectrum. 

i 
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TABLE 1-1 

REAL RECORDS USED IN THE DEVELOPMENT 
OF ARTIFICIAL GROUND MOTIONS 

RUPTURE 
M RECORD DISTANCE COMP DURATION* USED FOR 

9217-COO-204, Rev. 0 

6.1 Gavilan 16.2 N67 5.113.0 First Horizontal 
College Component, all return 

Gilroy 15.1 NO 6.813.2 Second Horizontal 
Array No. 2 

Gilroy 16.2 UP 4.5f2.6 vertical Component, all 
Array No. 1 return periods 

Periods 

Cpmponent, all return 
periods 

r 

The first duration measure is calculated following Kennedy et al., 1984. The second 
duration measure is calculated following Vanmarcke and Lai (1980). 

'. 
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Figure I- 1.  Time histories of artificial acceleration, velocity, and displacement. 
Return period: 500 years; component: first horizontal. 
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500 year Ground Motion - H 2  Component 
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Figure 1-2. Time histories of artificial acceleration, velocity, and displacement. 
Return period: 500 years; component: second horizontal. 
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500 year Ground Motion - Vertical Component 
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1000 year Ground Motion - H1 Component 
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Figure 1-4. Time histories of artificial acceleration, relocity, and displacement. 
Return period: 1000 years; component: first horizontal. 
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Figure 1-5. Time histones of artificial acceleration, velocity, and displacement. 
Return period: loo0 years; component: second horizontal. 
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1000' year Ground Motion - Vertical Component 
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Figure 1-6. Time histones of artificial acceleration, velocity, and displacement. 
Return period: loo0 years; component: vertical. 
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(, Figure 1-7. Time histories of artificial acceleration, velocity, and displacement. 
Return period: 2500 years; component: first horizontal. 

EGGRF/REPORT/APPENDI.I 10 1-12 I Risk Engineering, Inc. 



e 
9217-COO-204, Rev. 0 

2500 year Ground Motion - H2 Component 
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Figure 1-8. Time histones of artificial acceleration, velocity, and displacement. 
Return period: 2500 years; component: second horizontal. 
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2500 year Ground Motion - Vertical Component 
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0 i Figure 1-9. Time histones of artificial acceleration, velocity, and displacement. 
Return period: 2500 years; component: vertical. 
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5000 year Ground Motion - H1 Component 
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Figure I- 10. Time histories of artificial acceleration, velocity, and displacement. 
Return period: 5000 years; component: first horizontal. 
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Figure I- 1 1 .  Time histones of artificial acceleration, velocity, and displacement. 
Return period: 5000 years; component: second horizontal. 
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5000 year Ground Motion - Vertical Component 
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Figure I- 12. Time histories of artificial acceleration, velocity, and displacement. 
Return period: 5000 years; component: vertical. 
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(\ Figure I- 13. Time histories of artificial acceleration, velocity, and displacement. 
Return period: 10,OOO years; component: first horizontal. 
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Figure I- 14. Time histones of artificial acceleration, velocity, and displacement. 
Return period: 10,OOO years; component: second horizontal. 
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Figure I- 15. Time histories of artificial acceleration, velocity, and displacement. 
Return period: 10,qoO years; component: vemcal. 
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FREQUENCY (Hz) 

0 Figure 1-16. Response spectra of artificial ground motions are compared to the target spectra. 
Return period: 500 years; component: first horizontal. Damping values are indicated on each panel. 
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Figure 1-17. Response spectra of artificial ground motions are compared to the target spectra. 
Return period: 500 years; component: second horizontal. Damping values are indicated on each 
panel. 
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Figure I- 18. Response spectra of artificial ground motions are compared to the target spectra. 
Return period: 500 years; component: vertical. Damping values are indicated on each panel. 
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FREQUENCY (Hz) 

Figure 1-19. Response spectra of artificial ground motions are compared to the target spectra. 
Return period: loo0 years; component: first horizontal. Damping values are indicated on each 
panel. 
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Figure I-*20. Response spectra of artificial ground motions are compgred to the target spectra. 0 R e m  period: lo00 years; component: second horizontal. Damping values are indicated on each . 
t~ panel. P 
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1000 year Ground Motion - Vertical Component 

Figure 1-21. Response spectra of artificial ground motions are compared to the target spectra. 
Return period: loo0 years; component: vertical. Damping values are indicated on each panel. 
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2500 year Ground Motion - H1 Component 
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Figure 1-22. Response spectra of artificial ground motions are compared to the target spectra. a Return period: 2500 years; component: first horizontal. Damping values are indicated on each ' panel. 

UjGRFIREPORTIAPPENDD. I10 1-27 Risk Engineering, Inc. 



9217-COO-204, Rev. 0 

2500 year Ground Motion - H2 Component 
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Figure 1-23. Response spectra of artificial ground motions are compared to the target spectra. 
Return period: 2500 years; component: second horizontal. Damping values are indicated on each 
panel. 
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FREQUENCY (Hz) . ,  

Figure 1-25. Response spectra of artificial ground motions are compared to the target spectra. 
Return period: 5000 years; component: first horizontal. Damping values are indicated on each 
panel. 
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/ 

5000 year Ground Motion - H 2  Component 

Figure 1-26. Response spectra of artificial ground motions are compared to the target spectra. 
Return period: 5000 years; component: second horizontal. Damping values are indicated on each 

I 
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I 

5000 year Ground Motion - Vertical Component 

FREQUENCY (Hz) 

Figure 1-27. Response spectra of artificial ground motions are compared to the target spectra. 
Return period: 5000 years; component: vertical. Damping values are indicated on each panel. 
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10000 year Ground Motion - H1 Component 

/ 

Figure 1-28. Response spectra of artificial ground motions are compared to the target spectra. 
Return period: 10,OOO years; component: first horizontal. Damping values are indicated on each 
panel. 
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10000 year Ground Motion - H2 Component 

FREQUENCY (Hz) 

e Figure 1-29. Response spectra of artificial ground motions are compared to the target specmi. 
Return period: 10,OOO years; component: second horizontal. Damping values are indicated on each 
panel. 
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10000 year Ground Motion - Vertical Component 
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, @ Figure 1-30. Response spectra of artificial ground motions are compared to the target spectra. 
\ Return period: 10,OOO years; component: vertical. Damping'values are indicated on each panel. 
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Figure 1-31. Spectral density fun 

500 year Ground Motion 
H1 Component 

tion of rtificial ground motion is compared to the target spectral 
density function. Return period: 500 years; component: frrst horizontal. 
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500 year Ground Motion 
HZ Component 

0' Figure 1-32. Spectral density function of artificial ground motion is compared to the target spectral 
'\ density function. Return period: 500 years; component: second horizontal. 
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I 500 year Ground Motion 
Vertical Component 
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Figure 1-33. Spectral density function of artificial ground motion is compared to the target spectral 
density function. Return period:' 500'years; component: vertical. 
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1000 year Ground Motion 
H 1  Component 
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0 Figure 1-34. Spectral density function of artificial ground motion is compared to the target spectral 
(% density function. Return period: loo0 years; component: first horizontal. 
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1000 year Ground Motion 
H 2  Component 
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Figure 1-35. Spectral density function of artificial ground motion is compared to the target spectral 
density function. Return period: lo00 years; component: second horizontal. 
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1000 year Ground Motion 
Vertical Component 

I 

1 

Figure 1-36. Spectral density function of artificial ground motion is compared to the target spectral 
density function. Return period: lo00 years; component: vertical. 

EGGRF/REPORT/AJ'PENDlX.llO 1-4 1 Risk Engineering, Inc. 

(L 



92 17-COO-204, Rev. 0 

103 

1 o2 

10' 

1 oo 

2500 year Ground Motion 
H 1  Component 

I 

1 I I I I , , , I  I J 10-1 1 
1 oo 1 o1 1 o2 lo-' 

FREQUENCY (Hz) 

Figure 1-37. Spectral density function of artificial ground motion is compared to the target spectral 
density function. Return period: 2500 years; component: first horizontal. '. 
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Figure 1-38. Spectral density function of artificial ground motion is compared to the target spectral 
density function. Return period: 2500 years; component: second horizontal. 
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2'500 year Ground Motion 
Vertical Component 

tA a 

Figure 1-39. Spectral density function of artificial ground motion is compared to the ta?get spectral 
density function. Return period: 2500 years; component: vertical. 
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@ Figure 1-40. Spectral density function of artificial ground motion is compared to the target spectral 
(> density function. Return period: 5000 years; component: first horizontal. 
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Figure 1-41. Specml density function of artificial ground motion is compared to the target spectral 
density function. Return period: 5000 years; component: second horizontal. 
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5000 year Ground Motion 
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,e Figure 1-42. Spectral density function rtificial ground motion is compared ,J the 
(. density function. Return period: SO00 years; component: vertical. 
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P Figure 1-43. Spectral density function of artificial ground motion is compared to the target spectral 
density function. Return period: 10,OOO years; component: first horizontal. 
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0 Figure 1-44. Spectral density function of artificial ground motion is compared to the target spectral 
\ density function. Return period: 10,OOO years; component: second horizontal. 
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Figure 1-45 Spectral density function of artificial ground motion is compared to the target spectral 
density function. Return period: 10,OOO years; component: vertical. 
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APPENDIX J 

DETERMINISTIC GROUND MOTION 

by 

Risk Engineering, Inc. 
Boulder, Colorado 

INTRODUCTION 

A probabilistic seismic hazard analysis (PSHA) integrates over all earthquake magnitudes and 
locations to calculate a combined frequency of exceeding various ground motions levels. In this 
integration process the concept of a single design event used to generate a deterministic ground 
motion is lost, because the prob"abi1istic result represents a combination of possible occurrences. 

Two methods are,available to derive deterministic spectra from PSHA applications. First, the 
hazard results can be "deaggregated" to determine a dominant earthquake magnitude and distance; 
this event can then be used to generate deterministic ground motions or spectral shapes. Second, 
the PSHA hazard results can be ignored and the faults and area sources identified as capable can be 
used to specify a maximum magnitude and closest distance for deterministic ground motion 
calculation. Both methods are pursued in this Appendix; final deterministic ground motions are 
recommended using the deaggregation process (the first of the two procedures described above). 

( 

@ 
k 

As background for deaggregation of hazard results, the Aki committee (NRC, 1988) recommended 
that a "recursive" PSHA be performed using the dominant eqhquake at any particular hazard level. 
The dominant earthquake was recommended to be the mean magnitude and distance E of the 
seismic event that caused a ground motion exceedence at the chosen return period. The concept of 

and Ewas introduced by McGuire and Shdlock (1981) in the context of evaluating uncertainties 
in hazard. These values of M and E can be used to generate deterministic ground motions for 
design or analysis. 

Independently, Kameda and his co-workers in Japan have examined the concept of M and for 
single-hypothesis PSHA, Le., without uncertainties in inputs (Ishikawa and Kameda, 1988, 1991, 
1993). They have recommended that &i and Ebe determined for each seismic zone that contributes 
to hazard and be used with attenuation equations to calculate ground motions. These motions must 
be scaled to give the same amplitudes as the seismic hazard results, which can then be used as design 
ground motions with an associated and E. 

There are distinct advantages of developing one or a few "design events" based on hazard results 
that can be used for detailed analysis and decision-making. One obtains an intuitive feel for the 
earthquake that is dominating the hazard at the chosen probability level. This event can be 

@ associated with a known earthquake fault or area source and can be ascribed familiar characteristics 
such as a magnitude, distance, azimuth, depth and stress drop. Also, more detailed analyses can be 
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performed for the design event, for example by generating durations and time histones of motion 
for non-linear structural analysis. 

DEAGGRECATION OF PSHA RESULTS 

Methodology 

The deaggregation procedure shows the contribution to seismic hazard by magnitude and distance 
values. This deaggregation process allows us to see the contributions of each fault and area source, 
both separatefy and together, and allows the choice of one or a few deterministic earthquakes (M 
and R values) for which ground motions can be calculated. The mean magnitude M and distance 
are obtained as one simple summary result of this deaggregation process, as are other measures such 
as the modal (most likely) values of M and 6 where the maximum contribution to hazard is made. 
The chosen deterministic ground motions are the ones recommended for evaluation of plant 
structures and equipment. 

\ 

The methodology for detefinining the M and R contributions is to compile the contribution to hazard 
in discrete magnitude and distance bins, and to plot these contributions both marginally (vs. M and 
R separately) and jointly (vs. M and R together). Mathematically, the integrand in the seismic 
hazard equation (Equation 2-1 of the main report) is maintained separately for discrete M and R 
bins; the hazard value in each M-R bin is renormalized by the total hazard, which creates a bi- 
variate discrete probability distribution. For plotting marginal distributions (vs. M and R), the 

plotting joint distribution the renormalized hazard values are plotted as percent contributions to the 
total hazard. A simple summary of these distributions is M and E, which are the means of the 
marginal distributions with respect to M and R, respectively, but these single values do not reflect 
the range of magnitudes and distances that contribute to the hazard. It is important to note that the 
contribution by M and R will change as the ground motion measure changes (high vibrational 
frequencies are affected differently than low vibrational frequencies) and as the hazard level 
changes. In general low hazard levels (high ground motions) are dominated by larger magnitudes 
and closer distances, than are high hazard levels (low ground motions). 

a 
discrete values are divided by the M or R bin size, as appropriate, to obtain probability density; for i 

Application 

Results of the deaggregation process for the RF'P are presented first by separate source for the PGA 
level corresponding to 10" annual probability, and then are presented for all sources combined for 
that same ground motion. Combined results are then presented for all sources for the PGA level 
corresponding to annual probabilities, and for PSV( 1 Hz) at 10" and lo3 annual probability. 

Table J-1 summarizes the contributions by source to the hazard for 0.25g PGA, which corresponds 
approximately to the lo" annual probability level. The individual values of and a are shown for 
each source, as well as the overall M and value. As noted in the main report, the RMA/Derby 
source dominates the hazard for this level of ground motion. 
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The contributions to 0.25g PGA hazard by magnitude and distance for Source I are illustrated in 
Figures J- la  and J-lb.  The primary contribution comes from the small magnitudes, with lesser 
contributions from magnitudes as high as 7.0. Recall from the description of Source I (see 
Appendix A) that the upper-bund magnitude of Source I is represented with a discrete distribution 
using values of M,, = 5.5, 6.0, 6.5 and 7.0. These values correspond to the levels at which the 
distribution in Figure J-la decreases. Figure J-lb shows that the primary contribution comes from 
distances in the range 10 to 25 km, and this is a common result for a-host source. Note that the 
distance plotted is hypocentral distance, and two depths (10 and 15 lan) are used to represent 
earthquake Occurrences for area sources, so no contribution is obtained for distances less than 10 
km. 

Figures 5-2 an 5-3 illustrate the distributions for Sources II and 111, respectively. In Figure J-3b the 
large distance of Source I11 is evident, and events must have large magnitudes (Figure J-3a) to 
contribute to the hazard. 

Figure J-4 shows the conmbution by M and R for the RMADerby source. Magnitudes of 5.5 to 
6.0 dominate (Figure J-4a), and the changes in the dismbution correspond to discrete values of M-. 
The distance contribution comes from 20 to 35 km, which is the distance of this source. 

Figures J-5 and 5-6 show the contributions by M and R for the Rock Creek and Golden-Boulder 
faults, respectively. These faults are close to the RFP, so the distance distributions are peaked at 
short distances. The Golden-Boulder fault has a dominant contributions from magnitudes in the 
range 6.2 to 7.2, which reflect both the M- values and the use of the characteristic magnitude 
distribution for faults. 

The combined distributions by M and R are shown in Figure J-7a and J-7b, respectively. These 
distributions' weight all sources by their contributions to hazard, so the RMA/Derby source 
dominates these total distributions (see the contributions listed on Table J-1). In particular the peak 
in the distance distribution (Figure J-8b) at 25 km comes from the RMADerby source. 

Additional perspective is gained by plotting the two-dimensional distribution, percent contribution 
to hazard vs M and R, as shown in Figure J-8. Again the dominance of the RMA/Derby source is 
evident at 25 km. Note that the contribution to total hazard in Figure 5-8 is proportional to the 
volume under each peak, just as it is proportional to the ima under the curves of Figure J-7b. Stated 
another way, the hazard contribution by s o u  is not proportional to the height of the highest peak 
in Figure J-8 at 25 km vs. the height of the highest peak at some other distance (although the 
contribution of each discrete M-R bin is certainly proportional to the value plotted for that bin). 

, 

Results are presented in Figure J-9 for PGA at O.O8g, which corresponds to approximately 
annual probability. The contribution by fault is shown in Table J-1, and the RMA/Derby source 
dominates the hazard. Only the total distribution for all sources is presented, for the sake of brevity, 
but the domination of the RMADerby source is clear from Figure J-9 and also from Figure J-10, 
which shows the distribution by M and R. 

For PSV(1 Hz), contributions to hazard for 35 c d s  and 12 c d s  by source are shown in Table 5-2. 
These levels correspond approximately to lo4 and lo3  annual probability, respectively. The total 
distributions by M and R are illustrated in Figures J-11 through J-14, which are similar to the plots 

EGGRF\REWRPAPPENDDCJ J-3 Risk Engineering, Inc. 



shown for PGA. Note in comparing the magnitude distributions (e.g., Figure J- 1 la vs. Figure J-7a, 
or Figure J-13a.v~. J-9a) that the distribution is shifted to somewhat higher magnitudes, as is 
expected for PSV( 1 Hz) vs. PGA. The distance distributions are similar. 

The contribution plotted at 100 km on Figure J-13b and J-14 comes from Source In, and this is 
actually the contribution for distances of 100 km and greater. The actual distance distribution for 
Source 111 is distributed over a wide range of distances, as the value of R=197.9 in Table 5-2 
indicates, so the contribution from any one distance bin is small. This source contributes 38% of 
the hazard for the lo3 annual probability level, as shown in Table J-2. 

Over all natural frequencies and annual probabilities, the RMA/Derby source generally dominates 
the hazard for the ground motion measures and amplitudes examined here. From these results we 
derive deterministic ground motions using the following steps for lo3 annual probability: 

1. For both PGA and PSV(1 Hz), select the most likely magnitude M and distance 8 
corresponding to an earthquake on the RMADerby source. The M and k values are read 
from Figures J-10 and J-14. For both PGA and PSV(1 Hz), M = 5.9 and k = 27 km are 
obtained. 

I 

2. Compute an average spectrum over all ground motion attenuation equations for these values 
ofM a n d k  

3. Rescale this average deterministic spectrum so it corresponds to the lo3  ground motion 
calculated from the PSHA for FGA and PSA( 1 Hz), respectively. (In this case the calculated 
PGA exactly equaled the lo3 PGA from the hazard analysis, so no scaling by PGA was 
necessary). 

4. The spectrum scaled to PSA(1 Hz) results in slightly higher ground motions, so use it (as the 
envelope of the two) for the 10" spectrum. 

The average, scaled and envelope spectrum values are shown in Table J-3, and are plotted in Figures 
J-15 and J-16. 

This deterministic spectral shape can be used for all probability levels down to lo", because the 
-by source still dominates the hazard down to that level. Values for the 10' spectrum are 
listed in Table 5-4, and the spectra are plotted in Figures J-17 and J-18. 

For deterministic spectra we recommend that the shapes and amplitudes shown in Tables 5-3 and 
J-4 and Figures J-15 through J-18 be used. These correspond to a recognizable seismic source that 
generally dominates earthquake hazard at the RFP, they represent realistic ground motions, and they 
correspond to identified annual probability values. As such, they are also useful for deriving other 
representations of ground shaking such as duration and artificial motions. 
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USE OF CAPABLE FAULTS AND AREA SOURCES 

Background 

To place the PSHA results in perspective we derive spectra corresponding to earthquakes on 
identified faults that are assessed to be capable using deterministic criteria. The regulations of the 
Nuclear Regulatory Commission have been widely applied in past studies in this context. 

Through the multiple applications of Appendix A to 10 CFR Part 100 and application of Standard 
Review Plan 2.5.2 by the Nuclear Regulatory Commission staff(NRC, 1990), a variety of 
approaches have developed to conduct deterministic analyses. For example, a method to develop 
deterministic site-specific ground motions for a site lying within a regional seismic source zone 
(host zone) was developed (Kimball, 1983) and has been applied at several plant sites (e.g., Power 
et al., 1981). Although the NRC allows for a deterministic evaluation of ground motions to evaluate 
seismic margins as part of the IPEEE (Individual Plant Examination for External Events) program 
(NRC, 1991), 10 CFX 100 Appendix A has not been used for a license application since the early 
1980‘s. 

Beginning in the early 1980s and continuing to the present (e.g., probabilistic seismic risk analysis 
in IPEEE; NRC, 1991), the NRC has encouraged the application of probabilistic methodologies in 
characterizing ground motions for design evaluations. Further, Appendix B to 10 CFR 100 was 
developed to replace Appendix A and includes the requirement for both a probabilistic hazard 
analysis as well as a ‘deterministic check’ to be conducted by the staff. Draft Regulatory Guide 

@ 1015 provides detailed information on how the probabilistic seismic hazard analysis should be 
\ conducted and includes disaggregation of the seismic hazard curves to assess the dominant 

contributors to the hazard and to, in turn, use these contributors in a deterministic sense to develop 
design ground motions. 

DOE Standard 1020 is now being developed to specify the procedures for conducting ground 
motion analyses for evaluation of seismic design values at DOE sites. Although these standards are 
only in draft form, they include the requirement to conduct probabilistic seismic hazard analyses 
(Draft Standard 1023) and will likely include a requirement to conduct a ‘deterministic check’ as 
well (Kimball, pers. comm.). In anticipation of the requirements that will ultimately come out of 
the finalization of the standards, we provide in this section an ‘Appendix A’ deterministic evaluation 
that follows the procedures developed and applied in the past by licensing precedent for commercial 
nuclear power plants. 

1 

The basic Appendix A procedure consists of the following steps: 1) identify capable faults and other 
capable seismic sources, 2) define the closest distance of the capable seismic sources to the site, 3 )  
define the maximum magnitudes associated with each seismic source, 4) calculate ground motions 
for each capable source and determine the source-ground motion combination that leads to the 
largest ground motions at the site. These steps are discussed below. 

Capable Faults and Capable Sources 

I 

I 0 The criteria for evaluating fault capability in 10 CFR 100 Appendix A include assessments of the 
‘> recency of displacement, association with macro- and microseismicity, and structural association 
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with another capable fault. Draft Appendix B includes these same criteria but revises slightly the 
ages for assessing recency. These criteria are those that have been evaluated explicitly in assessing 
the 'activity' of faults in the probabilistic analysis (see Appendix A). Further, these are the criteria 
that have been given the highest weight in assessing activity; two other criteria are added that might 
give an indication of possible activity, but these are given relatively lesser weight. 

Each of the capability criteria have been evaluated for each seismic source and the degree to which 
each potential source satisfies the criteria has been documented in Appendix A to this report. For 
the probabilistic analysis, the uncertainty in assessing activity has been quantified and is included 
explicitly into the analysis. That is, the relative weight of the various activity criteria has been 
quantified and the probability that each criterion applies to a particular fault is given and the 
technical basis for the assessment is documented. For the deterministic evaluation of capability, 
there is no opportunity to provide a probability of capability; each faulthource must be characterized 
as either capable or not capable. In making this assessment the uncertainties in evaluating the 
capability of any given fault or potential source are not incorporated explicitly into the analysis. 

Consistent with the application of 10 CFR 100 Appendix A, the capability of each fault and 
potential source is evaluated using the criteria given in Appendix A to this report and documented 
for each fault/source. The probability of activity of each fault and potential source is discussed in 
the main report and is summarized in Table 2-1. The assessment of greater than 0.5 means that it 
is more likely that the fault/source is active (capable in this case) than that it is not. Accordingly, 
any faulthource that has a probability of activity of 0.5 or greater is assessed to be capable. 
Likewise, a fauldsource with a probability of activity of less than 0.5 means that the fault/source is 
judged for the deterministic analysis to not be capable. These definitions are consistent with the 
applications of the 'activehot active' probabilities used in the probabilistic analysis, and are 
consistent with similar analyses conducted for nuclear power plants (pacific Gas and Electric, 1988). 

I 

l 

\ 
-. 

Following the procedure given above, the only fault assessed to be capable is the RMA/Derby 
source. As discussed in detail in Appendix A, this source is, in fact, not a known or mapped fault 
but is a zone of concentrated seismicity. In spite of the fact that the geologic evidence of faulting 
is lacking, the occurrence of seismicity (non-injection related) is judged to provide overriding 
evidence for the presence of a capable source in the vicinity of the Rocky Mountain Arsenal. 

The other faults considered in the probabilistic analysis are judged to not be capable. That is, the 
activity criteria considered for each fault result in the assessment of probability of activity that is 
less than 0.5. Likewise, the local source zone, which accounts for a family of northeast-trending 
faults in the site vicinity, is judged to not be capable. 

All of the regional seismic source zones, including the Denver Basin source zone (Source Zone I) 
are judged to be capable, because of the occurrence of low levels of microseismicity and possible 
macroseismicity (e.g. the 1882 Colorado earthquake). 

The closest distance of the RMA/Derby source and other capable seismic sources to the site is given 
in Table J-5. The distance of the host zone (Source I) to the site is assessed to be 15 km based on 
the application of Standard Review Plan 2.5.2 and described in Kimball (1983). Note that this 
distance is consistent with the range of distances contributing to hazard from Source I (see Figure 
J-la). 

e i 
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Maximum Magnitudes 

Maximum earthquake magnitudes are assessed for each capable source. The evaluation of 
maximum magnitudes for the probabilistic analysis is described in detail in Appendix A to the report 
and, because the analysis is probabilistic, results in a probabilistic distribution of maximum 
magnitudes that includes the uncertainties in the assessment. For the deterministic analysis a single 
value of maximum magnitude must be selected for each capable source. Because the probabilistic 
analysis is aimed at arriving at a best estimate of maximum magnitude and the associated 
uncertainties, the average or mean estimate of the maximum magnitude distribution is the most ,' 
appropriate estimate of the maximum magnitude for the deterministic analysis. The upper bound 
to the probabilistic distribution on maximum magnitude is a low likelihood assessment and is not 
an appropriate estimate for the deterministic analysis. Regulatory precedent for the use of a selected 
deterministic maximum magnitude that is a central value in the maximum magnitude distribution 
is given in the Diablo Canyon Long Term Seismic Program (Pacific Gas and Electric, 1988). 

Ground Motion Assessment 

Deterministic spectra for 5% damping calculated for the RMADerby source and for Sources I 
through V are illustrated in Figures J-19 through J-24. These have been calculated using the 
magnitudes and distances listed in Table J-5. Both median (50%) and 84% spectra are shown, as 
there is precedent for using both in deterministic evaluations. These spectra represent the weighted 
average of the seven attenuation equations developed in this study to estimate ground motion on 
rock. 

SUMMARY 

Deterministic ground motions have been derived for the RFP using two methods. The first is to 
deaggregate the hazard results to determine the critical magnitudes and distances that contribute to 
hazard. For the RFP the relevant source is the RMA/Derby some. This source generally dominates 
hazards at annual probability levels of down to lo", and indicates a modal magnitude and distance 
of M = 5.9 and 6 = 27 km. (Source III also contributes, and dominates the hazard for natural 
frequencies around 1 Hz and annual probabilities around The second method follows 
deterministic procedures used by the U.S. Nuclear Regulatory Commission and derives estimates 
of the largest magnitudes that could occur at the closest distance for all capable faults and area 
sources. 

Comparisons of rock spectra are shown in Figures J-25 and J-26 for and 10" annual 
probabilities, respectively. The spectra shown are the deterministic spectra derived in this Appendix 
(and documented in Tables 5-3 and J-4), the uniform hazard spectra documented in the main report, 
and the median deterministic spectra calculated for the Rh4ADerby source and for Sources I, 11, and 
III. It is clear that the deterministic spectra derived here closely match the uniform hazard spectrum. 
The individual deterministic spectra for the RMA/Derby source and Sources I and 11 exceed the l o 3  
deterministic spectrum but are bounded by the lo4 deterministic spectrum. This reflects the low 
recurrence rate on the RMA/Derby source and the fact that a maximum magnitude earthquake on 
that structure would be a very low probability event. 

EGGRPJEFORTMPPENDIJ  J-7 Risk Engineering, Inc. 
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To derive deterministic ground motions the recommended procedure is to use the deaggregated 
hazard results to develop a spectral shape, anchor this to the PGA and PSV(1 Hz) amplitudes 
corresponding to the desired annual probability, and choose a spectrum that anchors the hazard 
values for the chosen annual probability. This is a reasonable procedure because the spectrum 
representing the deterministic event comes from the seismic source that generally dominates hazard 
over most frequencies and annual probabilities of hterest. Thus this spectrum, when scaled by PGA, 
gives reasonable estimates of the low frequency portion of the spectrum (and similarly for high 
frequencies when scaled by PSV( 1 Hz)). Anchoring the spectrum to selected annual probability 
values means that amplitudes consistent with those values will be obtained over all frequencies. 

Alternatives, such as using unscaled amplitudes or using deterministic, worst case earthquakes, do 
not take into account the seismic activity of each fault or area source. Thus a fault that has very low 
activity but has the potential to generate large magnitudes could dominate a deterministic calculation 
of ground motion, when the real shaking, should it occur, likely will come from a different fault 
with a higher rate of activity. The methodology recommended here incorporates both the rates of 
seismic activity and probability of activity and leads to the most realistic deterministic ground 
motions consistent with the seismic hazard. 

EGGRPREPORMPPENDW 5-8 Risk Engineering, Inc. 
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Source I 
Source I1 
Source III 

RMA/Derby 
Rock Creek 

All 

Source I 
Source I1 
Source I11 

RMA/Derby 
Rock Creek 

Ulfk 

All 

TABLE J-1 

3.14~ 1 0' 
1.66~ 1 0-' 
8.61~10' 
4.15~10" 
6.68 x 1 0-6 

1.06~ 1 O4 

2.7 1 x 10" 
2.74~10' 
7.03~10-~ 
4.54~10" 
8.74~ 1 0-6 

llzklfP 

U l f k m  
1.10~10~ 

iFi AND RSOURCE FOR PGA 

30% 
16% 
1% 
39% 
6% 
8% 
100% 

25% 
25% 
6% 
41% 
1% 
2% 
100% 

, ' 
Freq. Ground I Motion 

5.57 21.8 
5.86 35.5 
6.82 134.6 
5.68 26.5 
5.74 2.1 
6.52 8 4  
5.76 '24.4 

5.50 35.8 
5.72 49.3 
6.49 153.1 
5.53 27.3 
5.68 2.5 
U I Z e  
5.64 42.5 

Source 1 Prob. I Cont. to 1 I fi- 
Hazard* 

* Individual contributions do not sum to exactly 100% because of rounding. 
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1 a 

0 

* 

Ground 
Motion 

35 cm/s 

12cds 

Freq. Source Prob. 

Source I 1.91 x105 
Source II 2.27~10'~ 
Source III 1 . 8 8 ~  1 O 5  

Rh4A/Derby , 2.93~10" 
Rock Creek 4.80~ 1 0-6 

Goiden-Bouider z2kl.!P 
All 1.o2x1o4 

Source II 2.20~10" 
Source I 1.56~10" 

Source III 3.67~ 1 0" 
RMA/Derby 2.1 1x10" 
Rock Creek 7.60~10-~ 

All 9.75~ 10" 
Golden-BoulderlA22XuP 

- 
1 Hz 19% 

22% 
18% 
29% 
5% 
8% 

100% 

16% 
23% 
38% 
22% 
1% 
I22 

100% 

5.93 
6.15 
6.77 
5.91 
5.85 
rn 
6.18 

5.77 
5.98 
6.56 
5.7 1 
5.73 
fa2 
6.11 
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TABLE 5-2 

M AND B B Y  SOURCE FOR PSV(1 Hz) 

Individual contributions do not sum to exactly 100% because of rounding. 

\ 

- 
a 
- - 

33.0 
49.9 
174.5 
26.7 
1.8 
e4 
57.6 

50.4 
64.2 
197.9 
27.2 
2.3 

l 4 . a . l  
103.1 

- 

- 
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TABLE 5-3 

DETERMINISTIC ROCK SPECTRA** FOR 10-3 ANNUAL PROBABILITY 

* These are the ground motion values corresponding to 
PGA and PSA are listed in units of g. 

annual probability. 
e a ** 
r;l 
h 

so 

9 
2 

G 

3 
(b 
(b 

0 

\o 
N 

4 
c. 

P 
cp < 
0 



TABLE 5-4 

Ii 

DETERMINISTIC ROCK SPECTRA** FOR 10' ANNUAL PROBABILITY 

I I I I I I 

S pectr urn PGA PSA(25 Hz) PSA(10 Hz) PSA(5 Hz) I PSA(2.5 Hz) PSA(1 Hz) 

27 km average .083 ,109 .193 .205 .150 .063 

scaled to PGA = .256 - .336 .594 .63 1 .462 .194 

scaled to PSA( 1 Hz) = .298 .391 ,693 .736 .539 .226 

.256* 

.226* 
. ,  lo4 envelope 

* 
** 

I .298 I .391 .693 

These are the ground motion values corresponding to lo4 annual probability. 
PGA and PSA are listed in units of g. 

.736 I .539 .226 

i 
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TABLE J-5 

CAPABLE SOURCES FOR 10 CFR 100 APPENDIX A ASSESSMENT 

CLOSEST DISTANCE 
CAPABLE SOURCE 
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HAZARD CONTRIBUTION BY MAGNITUDE 
2.1 

1.( 

1.: 

0.1 

0.4 

Source I 
Prob. - 104, 0.25g 

Figure J-la. Contribuhon to hazard by magnitude for PGA = 0.25g, Source I. 
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HAZARD CONTRIBUTION BY DISTANCE 
0.u 
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0.ot 
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Source I 
Prob. - 10-4, 0.25g 
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Figure J-lb. Contribution to hazard by distance.for PGA = 0.25g, Source I. 
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Figure J-2a. Conmbution to hazard by magnitude for PGA = 0.25g, Source II. 
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HAZARD CONTRIBUTION BY DISTANCE 
0.10 

0.08 

0.06 

0.04 

0.02 

0.00 
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Figure J-2b. Contribution to hazard by distance for PGA = 0.25g, Source II. 
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HAZARD CONTRIBUTION BY MAGNITUDE 
2.( 
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1.2 

0.8 

0.4 

Source In 
Rob. - 104, 0.25g 
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Figure J-3a. Contribution to hazard by magnitude for PGA = 0.25g, Source In. 
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HAZARD CONTRIBUTION BY DISTANCE 

Distance (km) 

Source III 
Prob. - 10-4, 0.25g 

Figure J-3b. Conmbution to hazard by distance for PGA = 0.25g, Source III. 

EGGRF\REWRWPENJXX.J J-20 Risk Engineering, Inc. 



'\. a 

9217-COO-204. Rev. 0 

HAZARD CONTRIBUTION BY MAGNITUDE 
2.( 

1.f 

1.2 

0.8 

0.4 

RMADerby Source 
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1 

, * . . 1 . 1 . I I I . . . I I .  I . . . .  
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Figure J-4a. Contribution to hazard by magnitude for PGA = 0.25g, RMA/Derby source. 
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HAZARD CONTRIBUTION BY DISTANCE 
0.11 

0.0: 

O.O( 

0.04 

0.02 

0.00 
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Figure J-4b. Contribution to hazard by distance for PGA = 0.25g, RMA/Dert>y source. 
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HAZARD CONTRIBUTION BY MAGNITUDE 
2, 

1. 

1. 

0.1 
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04 

I " "  I 1 .  PGA, 
l " " I  a .  I .  

Rock Creek Fault 
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I 

1 

Magnitude (M) 

Figure J-5a. Contribution to hazard by magnitude for PGA = 0.25g, Rock Creek fault. 
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HAZARD CONTRIBUTION BY DISTANCE 
0.11 

0.0: 

O.O( 

0.OL 

0.02 
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Figure J-5b Contribution to hazard by distance for FGA = 0.25g, Rock Creek fault. 
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HAZARD CONTRIBUTION BY MAGNITUDE 
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1.t 
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0.4 

Golden-Boulder Fault 
Prob. - 104, 0 . 2 5 ~  . -  . 
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Figure J-6a. Contribution to hazard by magnitude for PGA = 0.25g. Golden-Boulder fault. 
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HAZARD CONTRIBUTION BY DISTANCE 

Golden-Boulder Fault 
Prob. c 10-4, 0.25g 
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( 

Figure J-6b. Contribution to hazard by distance for PGA = 0.25g, Golden-Boulder fault. 
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All Sources 
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Figure J-7a. Contribution to hazard by magnitude for PGA = 0.25g, all sources. 
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Figure J-7b. Contribution to hazard by distance for PGA = 0.25g, all sources. 

EGGRFWEPORWPENDW 5-28 Risk Engineering, Inc. 



ALL SOURCES, PGA 
Prob. - loD4, 0.25g 

-? 
n 
0 
0 

m S e p  13 10541 0 



.92 17-COO-204, Rev. 0 

HAZARD CONTRIBUTION BY MAGNITUDE 

. -  
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Figure J-9a. Conmbution to hazard by magnitude for PGA = O.O8g, all sources. 
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1 \.. Figure J-9b. Contribution to hazard by distance for PGA = 0.08g all sources. 
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Figure J-1 la. Contribuhon to hazard by magnitude for PSV(1 Hz) = 35 c d s ,  all sources. 
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Figure J- 1 1 b. Contribution to hazard by distance for PSV( 1 Hz) = 35 c d s ,  all sources. 
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Figure J-13a. Contribution to hazard by magnitude for PSV(1 Hz) = 12 cds ,  all sources. 
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(\. Figure J-13b. Contribution to hazard by distance for PSV(1 Hz) = 12 cm/s, all sources. 
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Figure J-15. Recommended deterministic mpartite spectra for annual probability. 
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Figure J- 16. Recommended deterministic pseudo-acceleration 
spectra for los3 annual probability. 
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ENVELOPE SPECTRA, ROCK 

Figure J- 17. Recommended deterministic tripartite spectra for lo4 annual probability. 
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Figure J- 18. Recommended deterministic pseudo-acceleration 
spectra for lo4 annual probability. 
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Figure J-19. Predicted 50% and 84% spectrum (5% damping) for RMA/Derby source. 
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Figure J-20. Predicted 50% and 84% spectrum (5% damping) for Source I. 
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Figure 5-21. Predicted 50% and 
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Figure J-22; Predicted 50% and 84% spectrum (5% damping) for Source ID. 
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Figure J-23. Predicted 50% and 84% spectrum (5% damping) for Source IV. 
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Figure J-26. Comparison of 10" rock specka. 
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